IMPROVED OPTICAL CONFIGURATION FOR IMAGING-TYPE OPTICAL 

ENCODERS 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application is a continuation-in-part application of U.S. Patent Application Serial 
5 No. 10/776,899, filed February 11, 2004, the filing date and priority of which is hereby 
claimed under 35 U.S.C. § 120. U.S. Patent Application No. 10/776,899 claims priority from 
Japanese Patent Application No. 2003-034284, filed February 12, 2003, under 35 U.S.C. 
§ 1 19. The key content of U.S. Patent Application No. 10/776,899 is included herein, and it 
is otherwise incorporated herein by reference in its entirety. 

10 FIELD OF THE INVENTION 

The present invention relates to optical or photoelectric encoders that sense the 
displacement of a periodic scale pattern. 

BACKGROUND OF THE INVENTION 
In the related art, a transmission-type photoelectric encoder as shown in FIGURE 15 
15 has been used. The transmission-type photoelectric encoder as shown in FIGURE 15 
includes a light source 10, a collimator lens 12, a transmission-type main scale 20, and a light 
receiving portion 30. The collimator lens 12 forms the light emitted from the light source 10 
into parallel rays. The transmission-type main scale 20 has a first grating 21 having a 
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predetermined pitch P at a surface (lower face in the drawing) thereof. The light receiving 
portion 30 consists of an index grating 31 having a predetermined pitch Q and a light 
receiving element 32. 

In the transmission-type photoelectric encoder of FIGURE 15, since the index 
5 grating 31 and the light receiving element 32 are formed as individual parts, they need to be 
assembled to form the light receiving portion 30. Further, a plurality of light receiving 
elements 32A, 32B are needed for discriminating directions (A phase, B phase) and they 
need selection, to obtain uniform optical sensitivity and uniform temperature characteristics. 
To solve such problems, as described in Japanese Publication JP-B-26 10624, there is 
10 proposed a transmission-type photoelectric encoder using a light receiving element array 33 
as the light receiving portion, as shown in FIGURE 16 (front view) and FIGURE 17 (plane 
view taken along line III-III of FIGURE 16). That is, the light receiving element array 33 
includes an index grating pattern having the predetermined pitch Q and a light receiving 
element 32, which are integrally formed with each other. In FIGURE 17, numeral 34 
15 designates a preamplifier and numeral 36A, 36B designate differential amplifiers. 

By adopting such a light receiving element array 33, a number of advantages are 
achieved including realizing small-sized formation and signal stability. 

Further, in a reflection-type photoelectric encoder, as described in JP-B-60-23282, a 
three-grating system is used, as shown in FIGURE 18. That is, the reflection-type 
20 photoelectric encoder includes a first grating 51 on an index scale 50, a second grating 42 on 
a reflection-type main scale 40, and a third grating (index grating) 53 on the index scale 50. 
A bright/dark pattern obtained by the two gratings (the first grating 51 and the second 
grating 42) is changed by moving the gratings relative to each other. The bright/dark pattern 
is filtered by the third grating 53 to thereby detect a relative movement amount of the main 
25 scale 40 and the index scale 50. This reflection-type photoelectric encoder can obtain the 
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above-described advantages by using the light receiving element array 33 (arranged to face 
the main scale 40 in FIGURE 18) as the light receiving portion. 

However, in any of the encoders described above, the grating pitch Q on the light 
receiving side is determined by the grating pitch P of the main scale 20, 40. Therefore, when 
5 using a main scale having a grating pitch different from the pitch P, the light receiving 
portion needs to be remade or replaced with a new one to correspond with the main scale 
having a different grating pitch. Further, the bright/dark pattern is obtained only at a distance 
from the surface of the grating 21, 42 of the main scale 20, 40, which distance is determined 
by the grating pitch P and an optical wavelength X. Therefore, whenever a gap between the 

10 main scale and the light receiving portion changes, a signal output of the light receiving 
portion decreases, regardless of whether the light receiving array 33 is adopted or not. 

Further, according to the encoder utilizing a three-grating system, as shown in 
FIGURE 18, normally, the second grating 42 is formed on the main scale 40. Therefore, as 
shown in FIGURE 19, when there is waviness at the surface of the main scale 40, a 

15 measurement error may result from a change in a reflected angle of light. 

It is apparent from the foregoing description that displacement measurements are 
typically made by sensing the relative change in the position of a scale from a reference 
position relative to a photoelectric encoder readhead (which is sometimes simply referred to 
as a "readhead" herein) of an optical encoder. Typically, this requires sensing a periodic 

20 scale pattern so that periods of the pattern can be counted during movement, and furthermore 
sensing the position of the scale pattern within a particular period at the start and finish of a 
motion, to provide a measurement resolution that is finer than the period of the scale pattern. 
Providing a measurement resolution that is finer than the period of the scale pattern is often 
referred to as signal interpolation, measurement signal interpolation, or providing an 

25 interpolated measurement. 
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In addition to the previously described optical encoders, various optical encoders are 
known that use a readhead having a relatively simple optical arrangement that includes a lens 
to provide an image of the scale pattern to a photodetector arrangement in the readhead. This 
type of system, which images a scale pattern onto an optical reader to thereby measure the 
5 relative or absolute displacement of the scale pattern, is called an imaging-type encoder. One 
such system is disclosed in U.S. Patent No. 5,539,519, to Takagi et al., which is incorporated 
herein by reference. The system described in the f 5 19 patent includes an encoder plate 
having a periodic slit pattern. A light source illuminates the slit pattern to form a primary 
fringe image. A lens projects the primary fringe image by a given magnification to form a 

10 secondary enlarged fringe image that shifts along a second plane. A fixed light receiving 
unit receives the shifting image through a fixed periodic mask pattern (an index grating) at 
the second plane. However, the signals provided by an encoder according to the '519 patent 
are suitable only for very crude levels of measurement signal interpolation. In addition, 
various characteristics of the signals are not stable with respect to various potential 

15 misalignments and gap variations between the encoder readhead and scale. Thus, an encoder 
according to the '519 patent cannot provide robust signals suitable for significant levels of 
measurement signal interpolation. 

Some imaging-type optical encoder readheads are known that use a relatively simple 
optical arrangement that further includes a telecentric aperture. A telecentric aperture 

20 provides relatively constant magnification over a desired range of object distances. 
However, similarly to the '519 patent, the signals provided by such known readheads also are 
suitable only for very crude levels of measurement signal interpolation. Thus, their 
resolution and accuracy are relatively crude. 

A position sensing device that can overcome the foregoing problems and limitations, 

25 individually or in combination, is desirable. 
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SUMMARY OF THE INVENTION 
The invention is proposed to resolve the foregoing problems of the related art. 
According to one aspect, it is an object of the present invention to provide a photoelectric 
encoder capable of using alternative main scales having different pitches together with one 
5 kind of a light receiving portion, and further having a simple structure. 

In order to accomplish the object above, a photoelectric encoder is proposed 
comprising a main scale with a grating, and a light receiving portion with an index grating 
pattern and a light receiving element, wherein the light receiving portion is capable to move 
relative to the main scale and the light receiving portion detects a bright/dark pattern 
10 obtained at least by the grating of the main scale. The photoelectric encoder further 
comprises a lens disposed between the main scale and the light receiving portion, wherein a 
magnification of an image is set by adjusting distances among the lens, the main scale, and 
the light receiving portion. The bright/dark pattern can be set by designing an optical system 
such that the bright/dark pattern is an interference pattern of an image of the main scale. 
15 Further, in order to simplify the structure of the light receiving portion, in the 

photoelectric encoder, the light receiving portion may be a light receiving element array in 
which the index grating pattern and the light receiving element are integrally formed with 
each other. 

Still further, in order to improve a gap variation characteristic, the photoelectric 
20 encoder may further comprise an aperture disposed at a position of a focal point of the lens. 

In accordance with another aspect of the invention, in the photoelectric encoder, a 
lens array may be used as the lens to improve the gap variation characteristics. 

Still further, the photoelectric encoder may further comprise an aperture array 
disposed at a position of the focal points of the lens array. 
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Still further, in order to prevent incidence of stray light from an adjacent lens of the 
lens array, the photoelectric encoder may further comprise a partition plate placed between 
the adjacent lenses of the lens array. 

Still further, according to various embodiments of the present invention, an influence 
5 of the waviness of a surface of the scale is reduced when the main scale is of a reflecting type 
or a transmissive type. 

Still further, the structure is simplified in various embodiments by using a diffused 
light source and using a collimator lens as the lens. 

Particularly, in various embodiments according to this invention, when the aperture is 
10 inserted between the main scale and the index grating or the light receiving element, an 
influence of a variation in a gap between the main scale and the light receiving portion can 
be reduced and stable signals can be obtained. 

According to another aspect of the invention, a photoelectric encoder comprises a 
main scale with a grating, and a light receiving portion with an index grating pattern and a 
15 light receiving element, wherein the light receiving portion is capable of moving relative to 
the main scale, and the light receiving portion detects a bright/dark pattern obtained at least 
by the grating of the main scale. The photoelectric encoder further comprises an aperture 
disposed between the main scale and the light receiving portion, wherein a magnification of 
an image is set by adjusting distances among the aperture, the main scale, and the light 
20 receiving portion. Further, in order to simplify the structure of the light receiving portion, in 
the photoelectric encoder, the light receiving portion may be a light receiving element array 
in which the index grating pattern and the light receiving element are integrally formed with 
each other. 

In various embodiments according to this invention, alternative scales having 
25 different grating pitches can be used with one kind of the light receiving portion. 
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In accordance with another aspect of the invention, in various embodiments, the lens 
may be omitted to reduce the cost of production, and further to reduce the size of the encoder 
system to permit liberal setting of its magnification. 

According to another aspect of the invention, in various other embodiments, an 
5 imaging-type encoder system according to this invention includes a relatively small number 
of optical elements in the readhead of the encoder and employs a telecentric aperture selected 
to balance certain design tradeoffs in order to provide a desirable combination of multiple 
optical characteristics for the readhead. Thus, in various embodiments, the present invention 
is directed to further improved and refined telecentric aperture configurations for imaging- 

10 type optical encoders. 

In accordance with this aspect of the invention, the optical assembly is configured as 
a diffraction-limited telecentric system, which includes a limiting aperture that is located at 
the focal point of an imaging lens. Accordingly, only light rays that are input to the lens 
approximately parallel to the optical axis of the lens and aperture are allowed through the 

15 aperture. A key advantage of such a diffraction-limited telecentric system is that it provides 
a magnification for the operable scale images in the readhead that is approximately 
independent of the distance between the readhead and the scale. In particular, according to 
this invention, a dimension of the limiting aperture aligned along the direction of the 
measuring axis of the encoder system is selected to provide a desired depth of field for the 

20 readhead imaging system, as well as providing approximately constant magnification along 
the direction of the measuring axis (i.e., the magnification of the dimension along the 
measuring axis is approximately constant within the desired depth of field). Within the depth 
of field, the telecentric imaging system will generally show little or no magnification error 
and will maintain high image contrast. Such embodiments thus provide robust mounting 

25 tolerances and relatively strong measuring signals. 
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In accordance with a further aspect of the invention, the magnification of a scale 
image is set by adjusting distances among the aperture, the lens, and the light receiving 
portion, and the magnification is relatively independent of a spacing between the readhead 
and the scale. 

5 In accordance with a further aspect of the invention, various embodiments of the 

encoder readhead are constructed with a dimension of the limiting aperture aligned along the 
direction of the measuring axis that provides a diffraction-limited imaging system and 
provides a desired degree of spatial filtering in relation to a spatial period or pitch of the 
scale grating or scale pattern, to provide an approximately ideal sinusoidal intensity pattern at 
10 a detector of the readhead. Such embodiments thus provide robust mounting tolerances in a 
manner that is simple, economical, and capable of providing stable measurement signals that 
are suitable for higher levels of interpolation, resolution, and accuracy than prior art 
readheads. 

In accordance with a further aspect of the invention, various embodiments of the 
1 5 encoder readhead are constructed using fiber optic receiver channels. 

In accordance with a further aspect of the invention, various embodiments of the 
encoder readhead are miniature all-optical fiber optic readheads. 

In accordance with a further aspect of the invention, various embodiments of the 
encoder readhead are constructed with a dimension of the limiting aperture aligned along the 
20 direction of the measuring axis that further provides at least a minimum desired proportion of 
the available contrast in the sinusoidal intensity pattern at the detector of the readhead. 

In accordance with a further aspect of the invention, various embodiments of the 
encoder readhead are constructed with a dimension of the limiting aperture aligned along the 
direction of the measuring axis that is selected from a range that corresponds to a range of 
25 spatial frequency cutoff values that is refined to provide a desirable combination of readhead 
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operating characteristics including one or more of a desired depth of field; degree of spatial 
filtering; and optical signal power. 

In accordance with a further aspect of the invention, the dimension of the limiting 
aperture aligned along the direction of the measuring axis is selected to correspond to a 
5 refined range of spatial frequency cutoff values that is further refined depending on the 
particular dimension of the scale grating pitch in microns, in order to provide an aperture 
dimension that is customized to that particular scale grating pitch so as to provide a 
combination of readhead operating characteristics for that particular scale grating pitch that is 
preferred in some applications. 

10 In accordance with another aspect of the invention, the limiting aperture is relatively 

elongated in a direction transverse to the measuring axis. 

In accordance with a further aspect of the invention, the relatively elongated 
dimension of the aperture is limited according to a relation that provides a relatively uniform 
nominal illumination in the sinusoidal intensity pattern at a detector of the readhead. 

15 In accordance with another aspect of the invention, an optical axis of a readhead 

according to this invention is oriented along a direction normal to a nominal plane of a 
reflective scale grating. 

In accordance with a further aspect of the invention, a readhead according to the 
invention is usable with a faceted reflective scale grating included on a tape-type scale. 

20 In accordance with another aspect of the invention, a readhead according to this 

invention uses a limiting aperture plate that is highly reflective and angled relative to an 
optical axis of the readhead, in order to deflect light from a readhead light source along the 
optical axis to a reflective scale grating that is oriented approximately normal to the optical 
axis. Image light reflected from the reflective scale grating travels back along the optical 

25 axis and though the aperture of the limiting aperture plate. 
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In accordance with another aspect of the invention, in various embodiments which 
include a lens and an aperture located at the focal point of the lens, a second lens may be 
positioned between the aperture and the light receiving element. In one exemplary 
embodiment the second lens is located nominally symmetrically to the other lens about the 
5 plane of the aperture, and has optical characteristics that are similar or identical to the other 
lens. Thus, the second lens tends to compensate or eliminate optical aberrations induced by 
the first lens. In various exemplary embodiments, such an arrangement is used with 
economical lenses that are of particularly small diameter and simple form, in order to provide 
superior optical characteristics and an accurate image despite the low cost, small size and 
10 simplicity of such lenses. 

In accordance with a separate aspect of the invention, various embodiments of the 
encoder readhead are constructed in a particularly economical, accurate, and compact 
manner. 

Hence, various embodiments of the invention overcome the disadvantages of prior art 
15 imaging-type optical displacement sensing devices that use a relatively simple optical 
arrangement including a lens to provide an image of a scale pattern. Various embodiments 
include a telecentric aperture designed specifically to provide a diffraction-limited optical 
system and a desired combination of encoder operating characteristics, in order to provide 
measurements at an improved level of accuracy, resolution, and robustness by the use of 
20 particularly simple and economical elements. 

BRIEF DESCRIPTION OF THE DRAWINGS 
The foregoing aspects and many of the attendant advantages of this invention will 
become more readily appreciated as the same become better understood by reference to the 
following detailed description, when taken in conjunction with the accompanying drawings, 
25 wherein: 
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FIGURE 1 is a perspective view showing a structure of an essential portion of a 
transmission-type photoelectric encoder of a first embodiment according to the present 
invention; 

FIGURE 2 is an optical path view showing an optical system of the transmission-type 
5 photoelectric encoder of the first embodiment according to the invention; 

FIGURE 3 is an optical path view showing an optical system of a transmission-type 
photoelectric encoder of a second embodiment according to the present invention using a 
light receiving element array; 

FIGURE 4 is a diagram showing a relationship between a focal length and a lens 
10 diameter of a flat/convex lens; 

FIGURE 5 is an optical path view showing an optical system of a transmission-type 
photoelectric encoder of a third embodiment according to the present invention using a lens 
array; 

FIGURE 6 is an optical path view showing an optical system of a transmission-type 
15 photoelectric encoder of a fourth embodiment according to the present invention using a light 
receiving element array and a lens array; 

FIGURE 7 is an optical path view showing an optical system of a transmission-type 
photoelectric encoder of a fifth embodiment according to the present invention using 
partition plates arranged between lenses of a lens array; 
20 FIGURE 8 is an optical path view showing an optical system of a transmission-type 

photoelectric encoder of a sixth embodiment according to the present invention which does 
not use an aperture; 

FIGURE 9 is an optical path view showing an optical system of a reflection-type 
photoelectric encoder of a seventh embodiment according to the present invention using a 
25 reflection-type main scale; 
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FIGURE 10 is an explanatory view explaining that the optical system of the seventh 
embodiment is not influenced by a change in a scale grating angle induced by a waviness of 
the scale; 

FIGURE 11 is a perspective view of a reflection-type photoelectric encoder of an 
5 eighth embodiment according to the present invention using a beam splitter; 

FIGURE 12 is an optical path view showing an optical system of a reflection-type 
photoelectric encoder of a ninth embodiment according to the present invention using a 
diffused light source; 

FIGURE 13 is an optical path view showing an optical system of a transmission-type 
10 photoelectric encoder of a tenth embodiment of the present invention omitting a lens; 

FIGURE 14 is an optical path view showing an optical system of a transmission-type 
photoelectric encoder of an eleventh embodiment according to the present invention using a 
light receiving element array and omitting a lens; 

FIGURE 15 is a front view showing a structure of an example of a transmission-type 
1 5 photoelectric encoder in the prior art; 

FIGURE 16 is a front view showing a structure of an example of a transmission-type 
photoelectric encoder in the prior art using a light receiving element array; 

FIGURE 17 is a plane view of the light receiving element array taken along 
line in-m of FIGURE 16; 
20 FIGURE 18 is a perspective view showing a structure of an example of a reflection- 

type photoelectric encoder of in the prior art utilizing a three-grating system; 

FIGURE 19 is an outline front view for explaining a problem of the example of the 
prior art of FIGURE 18; 

FIGURE 20 is an isometric view of a twelfth embodiment of a readhead according to 
25 this invention that is operable with a transmissive type scale; 



MEDV221 70Aprevl.DOC 



FIGURE 21 is an exploded isometric view illustrating the general characteristics of 
one exemplary optical arrangement according to this invention that is usable in various 
readheads according to this invention; 

FIGURE 22 is a partially schematic isometric view of one exemplary photodetector 
5 circuit that is usable in various readheads according to this invention; 

FIGURE 23 shows the general characteristics of the output signals provided by the 
photodetector circuit of FIGURE 22, used in conjunction with the optical arrangement of 
FIGURE 21; 

FIGURE 24 is an exploded isometric view illustrating one exemplary configuration 
10 of readhead elements usable to implement the readhead of FIGURE 20; 

FIGURE 25 is a cross-section view cut along (i.e., viewed perpendicular to) the 
optical axis, illustrating the assembled optical components and optical path of the 
configuration of FIGURE 24; 

FIGURE 26 is a chart illustrating the modulation transfer functions corresponding to 
15 various sets of design parameters and one exemplary design range according to this 
invention; 

FIGURE 27 is a chart illustrating the dependence of depth of field (%DOF), spatial 
harmonic content, and optical signal power, on the dimension of an aperture along the 
measuring axis direction; 
20 FIGURE 28 is an isometric view of a thirteenth embodiment of a readhead according 

to this invention that is operable with a reflective type scale; 

FIGURES 29A and 29B are cross-section views cut along (i.e., viewed perpendicular 
to) the optical axis, illustrating the assembled optical components and optical path of the 
configuration of FIGURE 28; 
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FIGURE 30 is a cross-section view cut along (i.e., viewed perpendicular to) the 
optical axis, illustrating the assembled optical components and optical path of a fourteenth 
embodiment of a readhead according to this invention that is operable with various reflective 
type scales; 

5 FIGURE 3 1 is a highly magnified side view showing the operation of an illuminated 

portion of a first exemplary reflective scale configuration usable with the readhead of 
FIGURE 30; 

FIGURE 32 is a highly magnified side view illustrating various operable sets of 
dimensions for the first exemplary reflective scale configuration of FIGURE 31; 
10 FIGURE 33 is a highly magnified side view illustrating a second exemplary reflective 

scale configuration usable with the readhead of FIGURE 30; 

FIGURE 34 is a cross-section view cut along (i.e., viewed perpendicular to) the 
optical axis, illustrating the assembled optical components and optical path of a fifteenth 
embodiment of a readhead according to this invention that is operable with various reflective 
15 type scales; 

FIGURES 35A and 35B are cross-section views cut along the optical axis and cut 
perpendicularly to optical axis, respectively, illustrating the assembled optical components 
and optical path of a sixteenth embodiment of a readhead according to this invention that 
uses a fiber optic receiver channel configuration and that is operable with various reflective 
20 type scales; 

FIGURE 36 is an exploded isometric view illustrating one exemplary fiber optic 
receiver channel configuration that is usable in the readhead of FIGURES 35 A and 35B; and 

FIGURE 37 is an exploded isometric view illustrating the general characteristics of a 
second exemplary optical arrangement according to this invention that is usable in various 
25 readheads according to this invention. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 
A detailed explanation will be given of embodiments of the invention in reference to 
the drawings as follows. 

According to a first embodiment of the present invention, in a transmission-type 
5 photoelectric encoder similar to that in the related art shown in FIGURE 15, as shown in 
FIGURE 1 (perspective view) and FIGURE 2 (optical path view), a light source 10 is 
provided. Further, a lens 60 and an aperture 62 are inserted between the first grating 21 of 
the main scale 20 and the light receiving portion 30, and a magnification of an image is set 
by adjusting distances a and b between the lens 60 and the first grating 21 and between the 
10 lens 60 and the index grating pattern 31, respectively. 

According to the first embodiment, light emitted from the light source 10 passes 
through the first grating 21 of the main scale 20 and is incident on the lens 60. Only light 
emitted from the lens 60 along an optical axis passing through the aperture 62 provided at a 
focal point of the lens 60 reaches the index grating pattern 3 1 to form an image of the first 
15 grating 21. 

Here, the magnification is calculated from a relationship between a pitch pi of the 
main scale 20 and a pitch p2 of the image on the index grating pattern 3 1 as follows. 

M=p2/pl=b/a (Eq. 1) 

Further, in order to provide the image, intervals among the respective devices are 
20 determined to satisfy the following equation. 

l/f=(l/a)+(l/b) (Eq. 2) 

where f is the focal length of the lens. For example, the intervals are determined as 
shown by Table 1. 



[Table 1] 





Example 1 


Example 2 


Pitch of main scale: pi 


20|am 


lO^m 
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Pitch of index grating pattern: p2 


20\xm 


Magnification: M 


1 


2 


Focal length of lens: f 


3 mm 


Distance btw. scale and lens: a 


6mm 


4.5mm 


Distance btw. lens and index grating: b 


6mm 


9mm 


N.A. by Equation (4) (DOF=100Dm) 


0.066 



A gap variation characteristic of such an encoder structure is significantly related to a 
focal depth DOF (depth of field) of a lens optical system, and the larger the focal depth DOF, 
the wider the range in which the gap (distance a in FIGURE 2) is allowed to vary without 
significantly affecting the operation of the encoder. The focal depth DOF is represented by 
5 Equation (3) as follows. 

DOF=A7(2*N.A 2 ) (Eq. 3) 

where X is a light source wavelength. 

The focal depth DOF, that is, the allowable air gap variation range has values 
respectively suitable for intended purposes of the encoder, and thus, N.A. may be specified to 
10 correspond to the intended purposes of the encoder. Therefore, the following inequality is 
established: 

DOF<=?t/(2*N.A. 2 ) 

N.A .< ( X/(2xDOF)) 1/2 (Eq. 4) 

Here, when lOO^m is needed as the focal depth DOF, N.A. needs to be smaller than 
15 the value calculated by Equation (4). When the light source wavelength X is set to 880nm: 
N.A.<(A/(2*DOF)) 1/2 
= (880nm/(2xl00^m)) 1/2 = 0.066 
Meanwhile, N.A. of the optical system is calculated by Equation (5) as follows. 

N.A = (l/2)*(e/a) = M* ((l/2)*d/(b-f)) =d/2f (Eq. 5) 



MEDV22 170Ajrevl.DOC 



where d is an aperture size and e is a beam diameter of the lens. 

In this way, the light receiving portion having the index grating pattern pitch p2 of 
20|im can respectively correspond to the main scale pitch pi of either 10 |im and 20 |nm. 

Further, as a second embodiment, the light receiving portion 30 can be replaced by 
5 the light receiving element array similar to that in FIGURE 16, as shown in FIGURE 3. 

Although there is only one optical axis according to the first and the second 
embodiments, as a third and a fourth embodiment, an explanation will be given of a structure 
for detection by an optical system comprising a plurality of optical axes using a lens array 
and an aperture array as follows. 
10 According to the first and the second embodiments described above, the focal length 

of the lens is 3mm and, therefore, a distance connecting the main scale, the lens, and the 
index grating pattern falls in a range of 12 through 13.5mm. In order to achieve further 
small-sized formation, the focal length of the lens needs to be reduced. 

However, when the focal length of the lens is reduced, in the case of a general lens 
15 that is readily obtainable, a diameter thereof is reduced. (FIGURE 4 shows a list of 
flat/convex lenses available from Edmund Optics Japan Co., Ltd. and a diagram showing a 
relationship between the focal length f and the diameter of the lens). When the diameter of 
the lens is reduced, a detectable field of view on the main scale is narrowed. 

Accordingly, FIGURE 5 shows a third embodiment using a lens array 70 and an 
20 aperture array 72. In FIGURE 5, a method of determining distances among the first 
grating 21 of the main scale, the lens array 70, the aperture array 72, and the index grating 
pattern 3 1 is the same as that of the first embodiment as shown by, for example, Table 2. 



[Table 21 





Example 1 


Example 2 


Pitch of main scale: pi 


20|im 


10|im 
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Pitch of index grating pattern: p2 


20 


urn 


Magnification: M 


1 


2 


Focal length of lens: f 


0.6mm 


Distance btw. scale and lens: a 


1.2mm 


0.9mm 


Distance btw. lens and index grating: b 


1.2mm 


1.8mm 


N.A. by Equation (4) (DOF=100Dm) 


0.066 



FIGURE 6 shows a fourth embodiment in which the light receiving portion 30 is 
changed to the light receiving element array 33. 

In the case of using the lens array, there is a possibility that stray light from one lens 
5 of the lens array interferes with, or unintentionally overlaps with, light collected by an 
adjacent lens. Hence, as in a fifth embodiment shown in FIGURE 7, such unwanted stray 
light can be prevented by providing a partition plate 74 between the lens array 70 and the 
aperture array 72. 

Further, when N.A. of the lens array 70 is small and the aperture is not needed, as in a 
10 sixth embodiment shown in FIGURE 8, the aperture array can be omitted. 

Further, although a description has been given of the transmission-type photoelectric 
encoder as described above, also in the reflection-type photoelectric encoder, basically the 
same structure is constructed as in a seventh embodiment shown in FIGURE 9. According to 
the seventh embodiment, collimated light is incident to a first grating 41 of a reflection-type 
15 main scale 40 from an oblique direction and deflected by the first grating 41. Then, the 
deflected light is restricted by the aperture 62, and thus only the light restricted according to 
the N.A. is guided to the light receiving portion 30. 

According to the optical system comprising the lens 60 opposed to the reflection-type 
main scale 40 as shown in the seventh embodiment, even when light emitted from a certain 
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point on the main scale is shifted by a surface waviness of the main scale, as schematically 
shown in FIGURE 10 with reference to a transmission-type encoder, the light is focused to a 
certain point by the lens 60. Therefore, an influence of the surface waviness is not effected 
when the surface waviness of the main scale is within ±N. A. 
5 Further, FIGURE 11 shows an eighth embodiment arranging a diffused light 

source 10 at a focal point of the lens 60, which is serving also as a collimator lens. In 
FIGURE 11, the diffused light source 10 is arranged at a position of the focal point of the 
lens 60 via a beam splitter 61. Therefore, light irradiated from the lens 60 to the main 
scale 40 becomes collimated light and light reflected at the first grating 41 of the main 
10 scale 40 is guided to the aperture 62 by passing the lens 60 and beam splitter 61 . Both of the 
diffused light source 10 constituting a light emitting source and the aperture 62 are arranged 
at the position of the focal point of the lens 60 and, therefore, light can effectively be utilized. 

FIGURE 12 shows a ninth embodiment constituting a reflection-type photoelectric 
encoder and using the diffused light source 11. The ninth embodiment is the same as the 
15 seventh embodiment shown in FIGURE 9 other than the light source (being diffused, as 
opposed to being collimated) and therefore, a detailed explanation thereof will be omitted. 

Further, although according to all of the above-described embodiments, the lens is 
used, the lens can be omitted. 

FIGURE 13 shows a tenth embodiment using the index grating pattern 31 and the 
20 receiving elements 32A, 32B at the light receiving portion and omitting the lens in the first 
embodiment (refer to FIGURE 2). 

Further, FIGURE 14 shows an eleventh embodiment omitting the lens in the second 
embodiment (refer to FIGURE 3) using the light receiving element array 33 at the light 
receiving portion. 
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A magnification M of the tenth and the eleventh embodiments omitting the lens is 
calculated by the following equation. 

M=m/1 (Eq. 6) 

where m, 1, designate distances between the aperture 62 and the first grating 21 and 
5 between the aperture 62 and the index grating pattern 31, respectively. 

According to the tenth and the eleventh embodiment, when a gap is varied, the 
magnification M of the image is varied. However, since the lens is not used, the cost of 
production can be reduced, and further small-sized formation can be achieved while 
permitting liberal setting of the magnification. 
10 In the above-described embodiments shown in FIGURES 1-3 and 5-12, the 

embodiments using the aperture can provide for excellent signal stability by reducing an 
influence of the variation in the gap. Further, when the variation in the gap is not 
problematic, an aperture can be omitted as in the sixth embodiment. 

FIGURE 20 is an isometric view of a twelfth embodiment of a readhead according to 
15 this invention that is operable with a transmissive type scale. A scale 115 is of the 
transmissive type, and comprises a scale substrate 117 that is generally transparent. In 
various exemplary embodiments, the substrate 117 is made of a type of glass having a 
desired thermal expansion. More generally, any type of mechanically stable material that 
transmits an operable amount of light may be used. The scale 115 further comprises a scale 
20 grating 116, which comprises a periodic pattern (too fine to be visible in FIGURE 20) that 
extends along a measuring axis direction 119 to form a scale track along the scale 
substrate 1 17. The x-axis in FIGURE 20 is defined to be parallel to the measuring axis 119, 
and the two terms are generally used interchangeably herein. The y-axis is defined herein to 
be perpendicular to the measuring axis 119 and parallel to the nominal plane of the scale 
25 grating 116 and the z-axis is orthogonal to the x- and y-axes. 
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A readhead 100 includes an imaging and detection portion 111 that includes various 
optical elements, as will be more fully described below, to provide a spatially filtered image 
of an imaged portion of the scale grating 116. In the embodiment shown in FIGURE 20, the 
readhead 100 also includes an illumination portion 112 on the side of the scale substrate 117 
5 that is opposite the imaging and detection portion 111. The illumination portion 112 
includes various elements, as will be more fully described below, to provide an illumination 
light 137 that illuminates the imaged portion of the scale grating 116. In various 
embodiments the illumination portion 112 may provide any operable monochromatic or 
quasi-monochromatic (i.e., narrow band) light, such as a light provided by a light emitting 

10 diode (LED), or the like. In various exemplary embodiments, the light is incoherent or only 
partially coherent. In various other embodiments a broad band light may be used, such as a 
light provided by a "white-light" LED, or the like. It should be appreciated that the term 
"light" is used in a broad sense herein, and is intended to include any operable radiation 
wavelengths inside or outside of the visible portion of the spectrum. Operable wavelengths 

15 may be determined or verified by experiment, if needed. Various factors related to using 
coherent light in various embodiments according to this invention are discussed further 
below. 

In operation, the scale 115 translates relative to the readhead 100 along the measuring 
axis direction 1 19, so as to provide a moving image of the scale grating 116 in the imaging 
20 and detection portion 1 1 1 of the readhead 100, as described in greater detail below. Various 
means for achieving an operable mounting and translation of the scale substrate 117 relative 
to the readhead 100 are known in the art, and thus need not be described herein. 

For a transmissive type scale, in various exemplary embodiments, the scale pattern 
may be located on either the front side or the back side of the scale substrate 1 17, provided 
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that it is arranged to fall within the depth of field of the imaging and detection portion 1 1 1, as 
outlined further below. 

FIGURE 21 is an exploded isometric view, schematically illustrating the general 
characteristics of one exemplary imaging arrangement usable in various readheads according 
5 to the present invention. The imaging arrangement 120 includes generally three elements 
arranged along an optical axis 129: a lens 123, an aperture 121, and a set of optical 
detectors 122a that are generally included in a detector assembly (not shown.) One 
exemplary embodiment of the set of optical detectors 122a and one exemplary embodiment 
of the shape of the aperture 121 are shown schematically in FIGURE 21. However, it should 

10 be appreciated that other aperture shapes and other configurations of the set of optical 
detectors, including other now known or later developed optical detector structures, are 
usable according to this invention. In various exemplary embodiments, the set of optical 
detectors 122a may be included in a photodetector circuit. FIGURE 22 shows one 
exemplary embodiment of a photodetector circuit 122b, described further below. The 

15 effective plane of the lens 123 and the image detection plane 157a of the set of optical 
detectors 122a are spaced apart by distance di. The image detection plane 157a receives a 
spatially filtered periodic image 155 of the scale grating 116, which exhibits periodically 
occurring lighter and darker regions having a pitch Psi. The lighter and darker regions of the 
spatially filtered periodic image 155 are schematically represented by the varying densities of 

20 light and dark vertical lines in FIGURE 21. The actual structure of the periodic image 155 is 
outlined in greater detail below. 

It should be appreciated that in various exemplary embodiments according to this 
invention, the image detection plane 157a is defined by, and coincides with, the nominal 
light-receiving surface 157b of a set of optical detectors 122a. Thus, it should be appreciated 

25 that the exemplary set of optical detectors 122a shown in FIGURE 21 are illustrated in an 
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artificially "exploded" position, solely to avoid obstructing the view of the schematically 
illustrated periodic image 155. Accordingly, it should be appreciated that in an actual 
assembly according to this invention the light-receiving surface 157b of a set of optical 
detectors 122a is nominally located at the distance di from the effective plane of the lens 123, 
5 and coincides with the image detection plane 157a. 

The aperture 121 is interposed between the lens 123 and the image detection 
plane 157a, and is located at a focal length / from the effective plane of the lens 123. The 
distance from the aperture 121 to the image detection plane 157a is defined as dt. The 
imaging arrangement 120 including the lens 123, aperture 121, and set of optical 

10 detectors 122a, is in turn arranged relative to the scale grating 116 provided on the scale 
substrate 117 (not shown in FIGURE 21). The distance from the effective plane of the 
lens 123 to the scale grating 116, when the scale grating 116 is at a nominal best focus 
position, is defined as do. It should be appreciated that in FIGURE 21, the relative lengths of 
do and the other dimensions and the apparent image magnification as illustrated are only for 

15 purposes of explanation, and are not shown to scale. Rather, the relationships between 
various dimensions are determined according to the principles outlined herein. 

The scale grating 116 has dark-image areas 116a and bright-image areas 116b. In 
various exemplary embodiments they are approximately the same width with respect to each 
other. In the illustrated embodiment, the dark-image and bright-image areas 1 16a and 1 16b 

20 are shown as elongated bars. Dark bars may comprise chrome bars on glass, for example, 
with the bright-image areas 1 16b comprising the transparent glass areas between the bars, in 
a transmissive type scale. Each of the dark-image and bright-image areas 1 16a and 1 16b are 
periodically arranged according to a pitch Ps of the scale grating 116. In operation, as the 
scale grating 1 16 is translated along the measuring axis direction 1 19, a moving image of the 

25 scale grating 1 16 consisting of alternate dark and bright areas is received and focused by the 
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lens 123 at its focal length /, and is spatially filtered by the telecentric aperture 121 located at 
the focal length /, and is transmitted to the light-receiving surface 157b of a set of optical 
detectors 122a at the image detection plane 157a. The operation and the configuration of the 
telecentric aperture 121 will be more fully described below. 
5 Regarding the magnification of the periodic image 155 at the image detection 

plane 157a relative to the scale grating 116 in the exemplary embodiment shown in 
FIGURE 21, the light passed by the telecentric aperture 121 is transmitted a distance dt along 
the optical axis to the image detection plane 157a. In contrast to the aperture configuration 
shown and described with reference to FIGURES 2 and 3 above, in the telecentric 
10 arrangement according to the embodiment shown in FIGURE 21 and described here, the 
telecentric aperture is designed to be narrow enough, at least parallel to the measuring axis 
direction, so that the magnification M of the received periodic image 155, at least parallel to 
the measuring axis direction, depends primarily on the relationship between the focal length / 
and the distance dt, and is approximately given by EQUATION 7 as follows: 

15 M«4l (Eq. 7) 

It should be appreciated that regardless of the size of the limiting aperture, the 
effective magnification of a readhead according to the principles of this invention can be 
determined and/or verified experimentally. 

In general, for a magnification of 1, the scale grating 1 16 and the periodic image 155 
20 would have the same pitch. For the embodiment shown in FIGURE 21, when dt =f, the 
magnification is approximately 1 and the periodic image 155 would have a pitch (Psi) that is 
the same as the pitch of the scale grating 116 (Ps). In various exemplary embodiments, 
typical scale grating pattern pitches (Ps) may range from less than 4 microns to more than 
40 microns. In one embodiment, the scale grating 116 consists of chrome bars on glass, 
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which are spaced 10|im apart and are 10|im wide (this is referred to as a 10/10 scale) such 
that the pitch Ps of the scale grating 116 is nominally equal to 20 microns. In one 
embodiment, the lower limit for the allowable scale grating pattern pitch is set by the limiting 
lateral resolution of the imaging system, which is readily calculable by those of ordinary skill 
5 in the art. However, it should be appreciated that the smaller the lateral resolution of the 
imaging system, the smaller the allowable depth of focus and the smaller the allowable gap 
tolerance. (As used herein, "gap" means the space between the effective plane of the 
lens 123 and the scale grating 116, or do in FIGURE 21.) For incoherent illumination, the 
diffraction limit for the lateral resolution is given by EQUATION 8, as follows: 

10 (Eq. 8) 

2NA V H ' 

where X is the illumination wavelength, and NA is the numerical aperture of the 
optical system. 

It will be appreciated that the cutoff frequency for incoherent illumination is 2NA//1 , 
while for coherent illumination the cutoff frequency is NA/A, and that the lateral resolution 

15 thus depends on the degree of coherence of the light. In general, any operable wavelength of 
visible or non-visible light may be used with this invention, provided that such wavelengths 
are compatible with the opto-electronic detectors that eventually receive the optical signals 
provided according to the principles of this invention. 

A magnification of 1 is described above, though the present invention is not so 

20 limited. In various embodiments according to the principles of this invention, the effective 
magnification along the measuring axis direction is designed to provide a desired ratio of the 
pitch Psi of the periodic image 155 at the image detection plane 157a to the pitch Ps of the 
scale grating 1 16. This is because the set of optical detectors 122a are generally configured 
to act as a spatial filter for the periodic image 155, and thus should have a configuration 
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exhibiting a pitch that matches the pitch Psi of the periodic image 155 at the detection 
plane 157a, in the same manner as described in the co-pending U.S. Patent Application Serial 
No. 10/298,312 (hereinafter "the '312 application"), which is incorporated by reference herein, 
where the received image of the scale grating is a self-image, instead of an image produced 
5 by an imaging lens system. Most of the following readhead figures show a magnification of 
3, which is suitable for imaging a scale grating 116 having a 20 |im pitch Ps onto a set of 
optical detectors that provide a spatial filtering pitch of 60 |nm for example, but the invention 
is not limited to a magnification of 3. In any embodiment, each readhead is designed such 
that the pitch Psi of the periodic image 155 corresponds to the spatial filtering pitch 

10 associated with the set of optical detectors 122a at the image detection plane 157a. 
Typically, this is accomplished by adjusting the scale pitch Ps to provide a periodic 
image 155 that matches the spatial filtering pitch associated with the set of optical 
detectors 122a at the image detection plane 157a for a given magnification, or by adjusting 
the magnification to provide a periodic image 155 that matches the spatial filtering pitch 

15 associated with the set of optical detectors 122a at the image detection plane 157a for a given 
scale pitch Ps. 

FIGURE 22 is a partially schematic isometric view of one exemplary embodiment of 
a photodetector circuit 122b that includes one exemplary embodiment of a set of optical 
detectors 122a', usable in various readheads according to this invention. Each of the 

20 individual photodetector elements of the set of optical detectors 122a' is arranged relative to 
its nearest neighbor according to a pitch Pd such that 4Pd= Psi, and each individual 
photodetector element is electrically connected with (or otherwise summed with) the 
individual photodetector elements located the pitch Psi = 4Pd away from it, to form 4 
respective sets in the set of optical detectors 122a'. An image intensity profile 155a 

25 schematically represents one exemplary approximately-sinusoidal intensity distribution 
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exhibited by the spatially filtered periodic image 155 at the light-receiving surface 157b of 
the set of optical detectors 122a'. The image intensity profile 155a is shown at one 
exemplary position along the measuring axis direction relative to the set of optical 
detectors 122a'. 

5 As the readhead 100 moves relative to the scale grating 116 along the measuring axis 

direction 119, the spatially filtered periodic image 155 moves relative to the set of optical 
detectors 122a'. The set of optical detectors 122a' spatially filters the periodic image 155, 
and accordingly, each one of the set of optical detectors 122a' receives an optical signal that 
varies periodically, according to the approximately-sinusoidal image intensity profile 155a, 

10 as a function of the relative motion between the scale grating 116 and the readhead 100. 
Each cycle of the periodic optical signal indicates an amount of relative motion that is 
equivalent to the pitch Ps, of the scale grating 116. 

The photodetector circuit 122b as illustrated in FIGURE 22 is a simplified schematic 
representative of various known photodetector circuit configurations that produce quadrature 

15 type signals. Therefore, it need not be described in detail. Briefly, referring to FIGURE 22 
as an example, each one of the set of optical detectors 122a 1 receives an optical signal that 
varies periodically according to the approximately-sinusoidal image intensity profile 155a as 
a function of the relative position between the scale grating 116 and the readhead 100, as 
discussed above. Thus, each one of the set of optical detectors 122a 1 outputs an electrical 

20 signal that similarly varies periodically as a function of the relative position between the 
scale grating 116 and the readhead 100. Therefore, the photodetector circuit 122b receives 
respective optical signals and outputs them as respective electrical signals A to 
amplifier (26a), B to amplifier (28a), -A to amplifier (26b), and -B to amplifier (28b). The 
signals A and -A from amplifiers 126a and 126b are combined via a differential 
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amplifier 130 to produce signal 1 (Sig. 1), while the signals B and -B from amplifiers 128a 
and 128b are combined via a differential amplifier 132 to produce signal 2 (Sig. 2). 

The respective optical signals corresponding to the signals A and -A are out of phase 
by 180 degrees, and the respective optical signals corresponding to the signals B and -B are 
5 also out of phase by 180 degrees, while the optical signals corresponding to the signals A and 
B are out of phase by 90 degrees, as are the optical signals corresponding to the signals -A 
and -B, respectively, all according to the dimensions of the sets of optical detectors 122a' 
relative to the pitch of the approximately-sinusoidal image intensity profile 155a. Thus, the 
resulting signal 1 (Sig. 1) and signal 2 (Sig. 2) are approximately sinusoidal signals that are 

10 out of phase by 90 degrees, and both have had their DC components nominally eliminated by 
the differential signal processing. 

FIGURE 23 shows the general characteristics of the output signals (Sig. 1 and Sig. 2) 
provided by the photodetector circuit 122b of FIGURE 22, used in conjunction with the 
imaging arrangement of FIGURE 21. As described above, the output signals (Sig. 1 and 

15 Sig. 2) are phase-shifted by 90 degrees, that is, they are quadrature signals. The processing 
of such quadrature signals for determining the displacement of the scale grating 116 relative 
to the readhead 100 is a standard process known to one of ordinary skill in the art and 
therefore need not be discussed in detail. However, a brief discussion of one exemplary 
method is outlined below with reference to the quadrature signal values Qj and Q 2 and 

20 EQUATION 9. 

The '312 application, incorporated by reference above, further discloses methods for 
determining the displacement of the scale grating 116 relative to the readhead 100 using a 
detector arrangement that provides "three-phase" displacement signals. This signal 
processing may be particularly useful with readheads having certain fiber-optic receiver 
25 channel configurations, such as the exemplary readhead embodiment to be more fully 
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described below with respect to FIGURES 35A-36. In particular, in one exemplary 
embodiment of the present invention, three optical signals can be processed by the exemplary 
method described in the '312 application, to determine two derived quadrature signal values 
Q] and Q2. In the general case, the two derived quadrature signal values Qi and Q2 (or 
5 alternatively, the signal 1 (Sig. 1) and signal 2 (Sig. 2) quadrature signals) can be processed 
to determine a current phase position $ within a period P s of the scale grating 1 16 using a 
two-argument arctangent function that is modulo 2%: 

♦ = atan2(Qi,Q 2 ) (Eq. 9) 

The two-argument "atan2" function shown in EQUATION 9 is available and 
10 described in a number of publicly available mathematical programs. The function's result is 
the arctangent of Q1/Q2, in radians. However, the use of two arguments allows the 
determination of the quadrant of the resulting angle, so that the result is between -pi and +pi 
rather than -pi/2 and +pi/2. The scale grating 116 and the readhead 100 can be used to 
provide a position measurement within one period along the direction of the measuring 
15 axis 119 of the scale grating 116, by multiplying the scale grating pitch P s by the current 
respective phase position During displacement, the number of accumulated wavelengths 
can be counted by known methods to provide displacement and/or position measurements 
over a long range. It should be appreciated that the accuracy of a current phase position <|) 
determined according to EQUATION 9 will depend on the signal-to-noise (S/N) ratio of the 
20 processed quadrature signals as well as how closely they conform to an ideal sinusoidal 
function of displacement. As described further below, a telecentric aperture configuration 
according to this invention can produce an image that provides signals that provide a good 
S/N ratio and that closely approach such an ideal sinusoidal function, in order to support high 
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levels of accurate signal interpolation and provide a measuring resolutions far finer than the 
basic pitch (Ps) of the scale grating 116. 

FIGURE 24 is an exploded isometric view illustrating one exemplary configuration 
of several elements usable to implement the imaging and detection portion 111 of the 
5 readhead 100 of FIGURE 20. Specifically, the illustrated embodiment of the imaging and 
detection portion 111 includes a housing 133 (consisting of a cover 133a, housing 
body 133b, and an optic module 133c) for suitably incorporating therein the lens 123, the 
aperture 121, and a detector assembly 122 (comprising, for example, a set of optical 
detectors 122a and a photodetector circuit 122b). The aperture 121 is positioned by two 

10 alignment pins 134a and 134b and against the surface of a shallow recess in the upper surface 
of the optic module 133c. The lens 123 is positioned in a bore in the bottom portion of the 
optic module 133c and against a surface fabricated in the bore so as to locate the effective 
plane of the lens 123 at the distance / from the aperture 121. The illustrated embodiment 
further includes an entrance aperture 135 placed in front of the lens 123. In various 

15 embodiments an entrance aperture provides an independently adjustable element that can be 
used to determine or adjust the field of view, and/or confine the optical path to the central 
portion of the lens 123, and/or effectively limit the operational length of a rectangular 
telecentric aperture, and reduce stray light. However, it should be appreciated that there are 
other means to control most or all of these same design characteristics. Thus, the entrance 

20 aperture 135 is omitted in various other exemplary readhead embodiments according to this 
invention. The optic module 133c is aligned in a matching recess in the bottom portion of 
the housing body 133b and is positioned along the z-axis direction at a prescribed position 
within the housing body 133b. 

The embodiment of the detector assembly 122 shown in FIGURE 24 is a "chip-on- 

25 glass 11 assembly, which includes a transparent substrate 122c that holds conductive traces and 
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appropriate circuitry, which in one embodiment includes the photodetector circuit 122b, 
which is mounted such that the set of optical detectors 122a' "faces down" to receive the 
spatially filtered periodic image 155 from the aperture 121 (from below in FIGURE 24) 
through the transparent substrate 122c. The transparent substrate 122c is aligned against a 
5 surface in a matching recess in the upper portion of the housing body 133b. The surface is 
located so as to position the light-receiving surface 157b of the set of optical detectors 122a f 
at the distance dtfrom the aperture 121. In the embodiment shown in FIGURE 24, the 
signals of the detector assembly 122 are routed through a flexible connector assembly 165 
and output through a cable 170, which also inputs power for the illumination portion 1 12 on 

10 appropriate supply wires 172. 

FIGURE 25 is a cross-section view of the assembled components of the configuration 
of FIGURE 24, but further including an operably positioned scale 115 and the illumination 
portion 1 12 to generally correspond with the configuration of FIGURE 20. In the illustrated 
embodiment, the light 137 from an operable illumination source 114, which is an LED in 

15 various exemplary embodiments, passes through a lens 136 to be generally focused onto a 
limited region 138 of the scale grating 116, so as to concentrate the available optical power 
in the field of view. The limited region 138 is defined larger than the nominal field of view 
of the readhead 100 in order to accommodate gap variations. Thus, as illustrated, the optical 
path 139 from the scale grating 116 to the detector assembly 122 shows only the detected 

20 rays, and therefore appears narrower than the illuminating optical path 137. In one 
embodiment, the optical elements are arranged such that dt = 8.938 mm,/= 3.00 mm, and do 
= 4.795 mm. According to EQUATION 7, these parameters provide a magnification of 2.98. 
However, taking into account a realistic lens thickness, and other factors known to one 
skilled in the art, a magnification of 3.0 is provided in an actual readhead. The transparent 

25 substrate 122c, or the like, may also influence the magnification. Thus, for the best accuracy, 
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the operational magnification is determined and/or verified by experiment or simulation in 
various exemplary embodiments. 

Referring back to FIGURE 21, telecentricity in the optical system is achieved by 
placing the sufficiently narrow limiting aperture 121 at the back focal plane of the lens 123, 
5 so that the only rays that contribute to imaging are those that enter the lens 123 nominally 
parallel to the optical axis 129. Accordingly, the imaged portion of the scale grating 116 
remains the same size (i.e., constant magnification) regardless of reasonably expected 
variations in its distance along the z-axis from the lens 123 due to mounting variations, 
bearing runout, scale waviness, or vibration during operation, for example. Thus a 

10 telecentric lens system according to the principles described with reference to FIGURE 21, 
and further described below, provides robust mounting tolerances for the system while 
maintaining good accuracy. It is noted, though, that a telecentric lens system loses focus just 
like an ordinary lens system as the object moves in and out of its focal plane, causing 
defocusing of the image (albeit at constant magnification). 

15 It should be appreciated that "blurring" the image by spatial filtering of higher order 

spatial harmonics so as to provide an approximately ideal sinusoidal intensity pattern 
according to this invention, as will be more fully discussed below, is distinctly different from 
blurring the image by intentionally locating one or more elements of the readhead 
components or the scale grating 1 16 to defocus the image of the scale grating 1 16, as is done 

20 in many prior art systems. The difference is that spatial filtering according to this invention 
will retain a relatively higher degree of contrast, or intensity variation within the desired 
fundamental spatial frequency of the detected periodic image 155, corresponding to the pitch 
(Psi) of the received image. This maximizes the useful measurement signal and the S/N ratio 
of a readhead according to this invention. In contrast, blurring the image by intentionally 

25 "mislocating" an optical element or scale along the optical axis relative to its ideal "focus" 
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position relatively reduces the contrast at the fundamental spatial frequency, in addition to its 
effect of reducing higher spatial harmonic content in the image, reducing the useful 
measurement signal and the S/N ratio. Thus, in various exemplary embodiments according 
to this invention, the telecentric aperture dimension along the measuring axis direction is the 
5 primary means of spatially filtering the received image such that the distribution of light 
intensity along the image of the scale grating 116 will exhibit an approximately sinusoidal 
variation, rather than a square, triangular, trapezoidal, or other non-sinusoidal variation, 
which is desirable for enhancing the achievable measurement resolution and accuracy in 
various exemplary embodiments according to this invention. 

10 It should be appreciated that in selecting the size of the aperture 121, there is a 

tradeoff between the depth of field (DOF) where a sufficiently limited undesirable image 
defocusing or loss of contrast is observed; the degree of spatial filtering of higher order 
spatial harmonics from the received image; and the maximum image intensity variation and 
total optical power at the detector, which determines the amplitude of the measurement 

15 signal. In various exemplary embodiments according to the present invention, aperture 
dimensions embodying the proper tradeoffs for a particular application can be determined 
based on the principles to be disclosed further below. In general, the aperture 121 or the like 
can be circular, square, rectangular, or any operable shape in various exemplary 
embodiments, with at least the aperture dimension along the measuring axis direction chosen 

20 according to the principles of this invention described further below, to provide the desired 
tradeoffs. 

In the embodiment illustrated in FIGURE 21, the aperture 121 is a rectangular slit 
aligned parallel to the scale grating bars, and having width w and height h It has been found 
that the rectangular slit shape is beneficial because it can provide approximately a tenfold 
25 increase in the optical signal power compared to that of a circular aperture. It should be 
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noted that a rectangular slit such as that shown in FIGURE 21 provides telecentricity only for 
dimensions oriented primarily along the measuring axis direction 119, which is sufficient in 
various exemplary embodiments according to this invention. 

In various exemplary embodiments according to the present invention, the aperture 
5 width w along the measuring axis direction 1 19 is determined such that it provides and/or is 
compatible with at least the following two requirements: 1) for a reasonably expected and/or 
specified and/or allowed change in distance between the readhead optical elements and the 
scale grating (the operating gap), the aperture width w must be limited to provide a depth of 
field that sufficiently limits the loss of contrast within that gap variation. Such a loss of 

10 contrast, that is, increased blur or defocus, lowers the optical signal strength and the resulting 
electronic signal-to-noise (S/N) ratio, thus reducing the meaningful signal interpolation that 
can be achieved using the signals from the optical detectors; and 2) higher order spatial 
harmonics must be reliably filtered from the spatial frequency spectrum of the scale grating 
image along the measuring axis direction so that the resulting detected image exhibits an 

15 approximately ideal sinusoidal intensity variation along the measuring axis direction, ideally 
containing primarily or only the fundamental frequency of the scale, for reasons previously 
discussed in relation to EQUATION 9. 

In the various embodiments to be described herein, either of the first or second 
constraints may be the more limiting one. In addition, in some embodiments, additional 

20 constraints related to the total optical signal power desired at the photodetector may be 
important. 

A. DETERMINING AN APERTURE WIDTH BASED ON DEPTH OF FIELD (%DOF) 
CONSTRAINTS (I.E., BASED ON LIMITING THE LOSS OF CONTRAST WITHIN A 
DESIRED RANGE OF GAP VARIA HON) 

25 As generally known in the field of optics, a depth of field (DOF) and numerical 

aperture (NA) are fundamentally related as follows: 



MEDV221 70Aprevl.DOC 



a-NA 

where X is the illumination wavelength and a is a theoretically or experimentally 
determined constant related to a desired limit for the loss of contrast due to defocus. In one 
conventional theoretical definition for DOF, <x=2, and the corresponding DOF is DOF = 
5 X/2*NA, as previously described with reference to FIGURES 2 and 3 (see EQUATION 3). 

However, with regard to encoder readhead design and related operating 
considerations according to this invention, in various exemplary embodiments an operational 
DOF and the related aperture width may be determined based on the tradeoffs between 
measurement signal attenuation constraints and various other readhead operating 

10 characteristics. To that end, in various exemplary embodiments, it is first defined that the 
peak-to-peak AC amplitude of the fundamental spatial frequency of the measurement signal 
may not drop by more than a defined percentage n JT of maximum signal strength when the 
object distance do varies within a specified gap variation range, designated herein as the "A% 
depth of field" (X%DO¥, which is a specific case of the more general designator "%DOF"). 

15 In other words, X%DOF as used herein is defined as the amount of shift permitted in the 
object distance do in either direction from the object-side focal plane of the lens 123, such 
that the loss of contrast due to defocus remains within a defined "X% signal attenuation" 
constraint. (See, "DOF+ H and "DOF-," as illustrated in FIGURE 21.) Thus, %DOF is 
defined as a variation in do, within which the telecentric imaging system will generally show 

20 little or no magnification error and only a limited amount of contrast loss due to defocus. For 
example, for the conventional theoretical definition for DOF discussed above, DOF = 
X/2*NA, at this distance away from the plane of best focus, the reduction in contrast is 
approximately 20%. Thus, this definition of DOF corresponds to a 20%DOF, as defined 
herein. 
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However, in various exemplary embodiments according to this invention, an 
operational limit for loss of contrast X is defined as low as 10%, or as high as 30% or more, 
depending on the desired trade off between the various readhead operating characteristics. 
For example, as described in greater detail below, in applications where it is practical or 
5 customary to control the gap within a relatively narrow range, or when the optical detector 
and/or related circuits accommodate only a limited range of signal strength variation, the 
limit for loss of contrast may be approximately 10%. Conversely, in applications where it is 
practical and/or advantageous to provide a relatively wide gap variation range, and when the 
optical detector and/or related circuits can accommodate the associated range of signal 

10 strength variation, the limit for loss of contrast may be increased to 30% or more, 
corresponding to a relatively large allowable gap variation between the readhead and scale. 

In various exemplary embodiments according to this invention, the primary design 
variable for determining a %DOF is the telecentric aperture dimension along the measuring 
axis direction. In various exemplary embodiments according to this invention, a rectangular 

15 aperture is used. From simulations and experiment, it has been found that with a rectangular- 
shape aperture, to satisfy a 10% signal attenuation constraint, a « 4. Thus, with 10%DOF 
defined as the specified or required %DOF satisfying the 10% signal attenuation constraint, 
in various exemplary embodiments according to this invention that use a rectangular 
aperture: 



The corresponding telecentric aperture width w can then be calculated as follows, 
knowing the lens focal length / and the numerical aperture (NA) from EQUATION 1 1 : 



20 




(Eq.ll) 



25 



w = 2f-NA 



(Eq. 12) 
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For example, suppose that the desired 10%DOF=200|im and X=632nm, giving 
AM = 0.0281. Then for f = 3mm : 

w = 2f-NA 
= 2-3xl0- 3 m-0.0281 

5 = 169x10^ m (Eq. 13 A) 

= 169//m 

A circular aperture with this dimension will also satisfy the same design constraints, 
at a level of accuracy that is sufficient for most readhead applications. This aperture width w 
is the maximum aperture width w that provides the desired 10%DOF for this example. The 
maximum aperture width is selected as the width for the aperture 121 in various exemplary 

10 embodiments according to this invention where the %DOF is the most limiting design 
constraint, so as to achieve both the desired %DOF, within which the desired % signal 
attenuation constraint is satisfied, mid to provide the maximum optical signal power within 
that constraint. It should be appreciated that smaller values of w (i.e., less than the maximum 
aperture width) could be used to satisfy the %DOF constraint, but these would generally 

15 reduce the available optical signal power and similarly reduce the S/N ratio of the system. 

Alternatively, a 30%DOF may be desirable or allowable in certain embodiments, as 
outlined above. It has been determined that for a typical range of NAs and aperture widths 
determined according to this invention, a 30%DOF corresponds to approximately three times 
a 10%DOF, with an accuracy that is sufficient for most readhead applications, although it 

20 should be appreciated that this "proportional" approximation rapidly becomes increasingly 
inaccurate for percentages greater than 30%. As an example of a related aperture 
determination, suppose that a 30%DOF=300|am, which corresponds to 100|im for 10% DOF. 
Accordingly, with X=632nm, NA = 0.0397 for the chosen 30%DOF. Then, for / = 3mm : 

w = 2f-NA 
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= 2- 3xl(T 3 m. 0.0397 

= 238xl0~ 6 /w (Eq. 13B) 

= 238//m 

This aperture width w is the maximum aperture width w that provides the desired 
30%DOF for this example. Thus, it should be appreciated that %DOF as used herein has a 
functional definition that varies based on a desired "% peak-to-peak M AC amplitude (i.e., 
5 contrast) attenuation constraint for a readhead according to this invention, such as the 10% or 
30% constraints discussed above, which is different from the conventional definition of 
DOF. The relative advantages and disadvantages of various %DOFs are outlined in greater 
detail below. 

Based on this novel and functional definition of %DOF, various exemplary 
10 embodiments the present invention offer an improved method of determining a practical 
optimal aperture width w y for achieving a desired %DOF according to this functional 
definition. It is further noted that the %DOF can be defined herein in terms of NA (see 
EQUATION 10 above), wherein the parameter or for a slit aperture satisfying the 10% signal 
attenuation constraint was experimentally determined (see EQUATION 11 above). If a 
15 different signal attenuation is to be permitted (for example, 30% or more signal attenuation), 
the parameter a will differ for these differing signal attenuation constraints and may be 
determined by simulation and/or experiment. 

B. DETERMINING APERTURE WIDTH BASED ON SPATIAL FILTERING 
CONSTRAINTS IN RELATION TO THE SCALE PITCH (I.E., BASED ON DESIRED 
20 SPATIAL FILTERING OF HIGHER ORDER SPATIAL HARMONICS) 

The image of the scale grating 1 16 before it passes through the lens 123 corresponds 
to a square wave intensity profile with a certain spatial period A*, which can be expressed as 
a sum of sinusoidal waves whose wavelengths are integral submultiples of A*: 



/<*) = /< 



3 5 
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2 



(Eq. 14) 

2k 

where k = — = 2av, (Eq. 1 5) 

To generate a purely sinusoidal intensity profile, the higher order harmonics must be 
suppressed. In various exemplary embodiments according to this invention, this is 
5 accomplished by restricting the telecentric aperture width (w) to provide a diffraction-limited 
optical system that suppresses the higher order spatial harmonics by spatial filtering. 

The square wave intensity profile provided by the scale grating nominally contains 
only odd spatial harmonics, which are the dominant error sources in many practical encoder 
designs. To retain at least some measurement signal amplitude at the fundamental frequency 
10 while completely eliminating the higher order odd harmonics, the cutoff spatial frequency 
(v c ) can theoretically fall anywhere below the spatial frequency of the third order term of the 
Fourier series, but must be higher than the fundamental spatial frequency in order to provide 
a measurable signal, that is: 

±<v,<£ (Eq. 16) 

2- NA 2k 
where v c = for incoherent light, and for the object space, k = — , where p s is 

X ~ p s 

the period or pitch of the scale grating 116. 

NA 

It should be appreciated that for coherent light, v c = — . To avoid confusion, 

A 

incoherent light is assumed in the following disclosure, unless otherwise indicated in a 
20 particular context. 

Thus, for incoherent light, the range of cutoff frequencies in EQUATION 16 
corresponds to: 
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X < UA<— (Eq. 17) 



2P S IPs 

The numerical aperture (NA) provides a measure of a system's light collecting ability. 
The light collecting ability is approximately proportional to w for a slit or rectangular type 
aperture, assuming that the longer dimension of the rectangular type aperture is held 
constant. The light collecting ability also factors in the focal length of the lens if). Along the 
measuring axis direction, NA and w are related as follows: 

w = 2f-NA (Eq. 18) 

Accordingly, knowing the scale pitch (Ps), focal length of the lens (/), and 
illumination wavelength (k), one can calculate the range of aperture widths corresponding to 



10 EQUATION 16 as follows: 



/ 



A 

\PsJ 



<w<3f 



X_ 

VPs) 



(Eq. 19) 



EQUATION 19 is also usable in the case of a circular aperture, where the width 
along the measuring axis direction, w 5 is the diameter. For an aperture width at or below the 
lower limit of EQUATION 19, no measurement signal is received at the fundamental 

15 frequency, so as a practical matter the aperture width w is chosen sufficiently above this limit 
to be measurable with a circuit of the readhead. When the aperture width w is below the 
upper limit, the resulting image consists of sinusoidal intensity fringes containing no odd 
harmonics above the fundamental frequency of the scale, which in turn permits higher levels 
of meaningful signal interpolation according to EQUATION 9, or the like, to achieve better 

20 position measurement resolution and accuracy for a given scale pitch. It should be 
appreciated that an aperture width w at or near the upper limit provides the most total optical 
power and the strongest measurement signal on the detectors, and is therefore preferred in 
various exemplary embodiments according to this invention where the spatial filtering 
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constraint is the most limiting design constraint. Above the upper limit, while the optical 

signal power will continue to increase, the strength of higher order harmonics will increase 

and degrade the desired ideal sinusoidal quality of the fundamental signal. 

Suppose that f -3mm, p s = 20/xw, and A = 0.630 jum . Then to completely 

eliminate the 3 rd and higher order spatial harmonics, for example: 

3/A 



w = ■ 

Ps 

_ 3'3xlQ- 3 m63x\0- 6 m 
2xl0 _5 /w 

(Eq. 20) 

«284xl0" 6 =284///w 

Despite the foregoing example, it should be appreciated that in various exemplary 
embodiments according to this invention, the cutoff frequency is established by the aperture 

10 width w at a value somewhat above 3 times the fundamental frequency, for example 3.25 or 
even 3.5 times the fundamental frequency. In such embodiments, errors due to the 3 rd 
harmonic are significantly reduced, and the resulting readheads according to this invention 
still provide significant benefits in various applications. 

FIGURE 26 is a chart illustrating the ideal modulation transfer functions (MTF) for 

15 incoherent illumination and a rectangular aperture, and corresponding to various sets of 
design parameters and one exemplary design range according to the present invention. The 
lines in FIGURE 26 represent various parameter choices such that (wlXj) = n/p s (where n/p s 
is shown along the X-axis). The vertical axis shows MTF values corresponding to various 
operating conditions. For example, the MTF lines 702 (and 703) correspond to respective 

20 spatial filtering configurations that eliminate spatial frequencies as low as 2 times (and 3 
times) the fundamental spatial frequency, respectively. When one of these respective 
configurations is used, the signal at the fundamental spatial frequency is attenuated according 
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to the MTF value corresponding to the intersection of the dashed line 700 and the MTF line 
corresponding to the respective configuration. Thus, FIGURE 26 in combination with 
EQUATIONS 14-19 emphasizes the interrelationship between all the parameters (w, \,f y and 
ps) and the measurement signal attenuation at the fundamental frequency, and aids in 
5 identifying readhead configurations according to this invention that achieve a desirable 
combination of operating characteristics for a particular application or applications. The 
numerator integers "n" along the horizontal axis can be thought of as corresponding to the n- 
th spatial harmonic of the scale pitch, Ps. 

As indicated by the design range 710 in FIGURE 26, in various exemplary 

10 embodiments according to this invention where the spatial filtering constraint is the most 
limiting design constraint, the configuration should be adjusted to completely eliminate 
spatial frequencies at least as low as 3.5 times the fundamental frequency, in order to 
significantly reduce errors due to the third harmonic. In various other embodiments it should 
be adjusted to completely eliminate spatial frequencies as low as 3.25 times the fundamental 

15 frequency, to further reduce 3 rd harmonic errors. In various other embodiments it should be 
adjusted to completely eliminate spatial frequencies as low as 3.00 times the fundamental 
frequency, to completely eliminate 3 rd harmonic errors. 

In various other readhead designs according to this invention, 2 nd harmonic errors 
may arise due to causes other than the spatial frequency content of the scale grating image. 

20 Thus, in such embodiments the configuration should be adjusted to completely eliminate 
spatial frequencies as low as 2.5 times the fundamental frequency, in order to significantly 
reduce 2 nd harmonic errors. In various other embodiments it should be adjusted to 
completely eliminate spatial frequencies as low as 2.0 times the fundamental frequency, to 
completely eliminate 2nd harmonic errors. Furthermore, the dashed line 701' in FIGURE 26 

25 is a realistic MTF line corresponding to a rectangular aperture according to this invention, 
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that shows more signal attenuation than the comparable ideal MTF line 701. Thus, there is a 
risk that the measuring signal amplitude may become the limiting factor in various 
embodiments according to this invention. 

In various exemplary embodiments according to this invention, an aperture width 
5 determined based on %DOF constraints, as outlined with reference to EQUATIONS 1 1-13B 
above, can be checked against an aperture width determined based on spatial filtering 
constraints as outlined above. In general, the narrowest of these aperture widths will be 
selected, provided that it corresponds to an acceptable overall measuring signal for the 
system. It should be appreciated that the MTF curves corresponding to circular apertures are 

10 generally curved lines falling somewhat below the corresponding lines shown in 
FIGURE 26. Such curves are readily available in diffraction-limited optics design literature, 
and can be used in the same manner as FIGURE 26, in order to determine a circular aperture 
dimension for a readhead according to this invention. However, it should be appreciated that 
the measuring signal amplitude may often become the limiting factor in various 

1 5 embodiments using a circular telecentric aperture according to this invention. 

In general, in various exemplary embodiments of readheads according to the present 
invention, a limiting telecentric aperture may be provided that has a dimension along the 
measuring axis direction that provides a diffraction-limited optical system that suppresses the 
higher order spatial harmonics by spatial filtering. This robustly provides a sufficiently 

20 sinusoidal optical signal, without the need for other measures, in various exemplary 
embodiments. In various other exemplary embodiments, a telecentric aperture width 
according to the present invention may be used in combination with various other means that 
may include various duty cycles, element widths, and the like, for the elements of the scale 
grating 1 16 and/or a structure of the sets of optical detectors 122a of the readhead, in order to 

25 further reduce or eliminate spatial harmonics in the received image of the scale grating 1 16, 
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in a manner generally known to one of ordinary skill in the art of encoder design, for 
example as disclosed in U.S. Patent No. 5,576,537 to Holzapfel, which is incorporated herein 
by reference for all of its relevant teachings. 

Referring back to FIGURE 21, as discussed above, it has been found that in various 
5 exemplary embodiments according to this invention, an aperture 121 having a relatively 
elongated shape, such as a rectangular shape for example, is beneficial because a relatively 
elongated dimension can provide a significant increase in optical power compared to that of a 
circular aperture having the same dimension (w) along the measuring axis. Thus, although a 
circular aperture is used in various exemplary embodiments according to this invention, in 

10 various other exemplary embodiments, a relatively elongated dimension or height (h) is 
selected to be as much as 2 to 6 times the dimension (h>), or more. In one exemplary 
embodiment a rectangular-shaped aperture is configured to have the dimensions of w = 
200//W and h = 400/zra. In another exemplary embodiment a rectangular-shaped aperture is 
be configured to have the dimensions of w = 200jum and h = SOOjum. In yet another 

15 exemplary embodiment a rectangular-shaped aperture can be configured to have the 
dimensions of w = 200jum and /i = 1 .8 mm. In various other exemplary embodiments 
according to this invention, the aperture height (h) is selected to be at most: 

h = (2My/(l+M y )) (R-Fo) (Eq. 21) 

where M y = a magnification of the image at the image detection plane 157a, along the 
20 direction of the relatively elongated dimension, R = the lens radius perpendicular to the 
optical axis 129, and Fo = the dimension between the optical axis and the edge of the 
received field of view along the y-axis at the scale grating 116, that is, the most extreme 
point in the field of view as determined by the dimensions of the light receiving elements of 
the readhead, and the optical magnification M y . A maximum aperture height according to 
25 EQUATION 21 nominally restricts the amount of vignetting to zero, to achieve uniform 
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illumination across the received image. However, it should be appreciated that various 
exemplary embodiments according to this invention are not so limited, and still provide 
many of the other benefits outlined herein. 

FIGURE 27 is a chart that assumes incoherent illumination and illustrates the 
5 dependence of depth of field (%DOF), spatial harmonic content, and optical signal power, on 
the dimension of an aperture along the measuring axis direction. The line 801 indicates the 
MTF (as a decimal fraction) for the fundamental spatial frequency corresponding to the scale 
grating pitch Ps, and corresponding to the spatial frequency cutoff shown along the 
horizontal axis, as provided by a corresponding telecentric aperture dimension along the 
10 measuring axis direction. The line 801 may be derived from the values along the line 700, in 
FIGURE 26. For any cutoff spatial frequency n/P s , the corresponding aperture dimension 

along the measuring axis direction may be determined from: 

w = ±*fX (Eq.22) 

The line 802 is a reference line indicating values (in arbitrary units) that are 
15 proportional to the nominal AC signal strength provided by the image of the scale grating at 
the detectors of a readhead, for the corresponding cutoff frequency and aperture dimension. 
The lines 808A-808C indicate the dimension of the %DOF (in mm) corresponding to 
10%DOF, 20%DOF and 30%DOF, respectively, for P s = 8|im. Similarly, the lines 820 A- 
820C indicate the dimension of the %DOF corresponding to 10%DOF, 20%DOF and 
20 30%DOF, respectively, for P s = 20^im. The %DOF lines shown in FIGURE 27, and similar 
lines corresponding to other design parameters, can be determined according to the teachings 
associated with EQUATIONS 11-13B and 16-19 above. The %DOF values in FIGURE 27 
correspond to an illumination wavelength of 630nm. 

For the example shown in FIGURE 27, a line 890 indicates one exemplary design 
25 constraint for a minimum depth of field at a value of 0.15mm. A value on any %DOF line 
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on or above the line 890 provides the desired mounting (or allowable gap variation) tolerance 
of 0.15mm. For example, the lines 821, 822 and 823 indicate that for this desired gap 
variation tolerance and P s = 20mm, the 10%DOF corresponds to 2.1/p s , the 20%DOF 
corresponds to 2.9/P s , and the 30%DOF corresponds to approximately 3.5/P s . For an 
5 illumination wavelength of 630nm and a lens having a focal length of 3.0 mm, according to 
EQUATION 22 these cutoff frequencies correspond to maximum aperture dimensions of 
198mm, 274mm, and 331mm, respectively. When P s is somewhat less than 20|im, for 
example 15|im, a smaller aperture dimension corresponding to a cutoff frequency as low as 
1.6/P S is used to provide an acceptable 10%DOF dimension in various exemplary 
10 embodiments. 

As previously indicated, in various exemplary embodiments according to this 
invention, the largest possible aperture that provides a desired %DOF is chosen, in order to 
provide the maximum nominal signal that can be obtained for a desired %DOF, in order to 
provide a better S/N ratio. As shown by the points 821' and 822' along the "AC signal 

15 strength" line 802, an aperture corresponding to a cutoff frequency of 2.9/Ps provides almost 
twice the nominal signal strength of the aperture corresponding to the cutoff frequency of 
2.1/P S . Therefore, in various exemplary embodiments according to this invention where a 
relatively larger scale grating pitch, such as 15-20|im or more, is used, cutoff frequencies as 
low as approximately 2.1/P S to 1.6/P S are usable to provide the largest aperture dimension for 

20 a %DOF. However, provided that the signal processing electronics are compatible with the 
potential optical signal variation over the desired allowable gap variation range, in various 
exemplary embodiments, larger apertures corresponding to a harmonic-constrained cutoff 
frequency of up to 3.5/P s may be used in order to provide a larger signal and a better S/N 
ratio, and a %DOF that is suitable for some applications may still result for such relatively 

25 large scale grating pitches. In various other exemplary embodiments, an aperture dimension 
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is chosen in a range corresponding to a cutoff frequency range of 2.1/P S to 2.7/P s , as a 
desirable compromise range in various exemplary embodiments that use such relatively large 
scale grating pitches. 

For the example shown in FIGURE 27, the cutoff frequency and aperture 
5 corresponding to the point 823 f provide an even larger nominal signal strength in various 
exemplary embodiments according to this invention. Although the cutoff frequency may be 
set to 3.5/P s with only a small portion of the third harmonic signal component appearing in 
the detected image, as previously described, in various other exemplary embodiments 
according to this invention, it is desirable to strictly eliminate all spatial frequencies greater 

10 than 3.0/P s (to strictly eliminate the third harmonic) since the third harmonic provides the 
largest error contribution in many practical readhead applications. Thus, as previously 
outlined with reference to FIGURE 26, in such embodiments an aperture corresponding to a 
maximum cutoff frequency of less than or equal to 3.0/ P s is chosen, even though a smaller 
nominal signal may result. 

15 When a moderate scale grating pitch, such as approximately 12-15|am, is used, in 

various exemplary embodiments according to this invention an aperture dimension is chosen 
in a lower range corresponding to a cutoff frequency range of 1.4/P S to 2.5/P s , as one 
desirable compromise range that provides a relatively larger allowable gap variation for such 
moderate scale grating pitches, although a even smaller nominal signal may result. 

20 For the exemplary %DOF curves 808A-808C, it can be seen the 10%DOF 

curve 808A cannot provide the desired allowed gap variation. The 20%DOF and 30%DOF 
curves 808B and 808C provide the desired allowed gap variation at approximately 1.2/Ps and 
1.4/Ps, respectively, as indicated by lines 812 and 813. However, the line 812 and the point 
812' on the line 802 indicate that an extremely weak signal will result for an aperture 

25 corresponding to 1.2/P S . Thus, in various exemplary embodiments that use a relatively small 



MEDV221 70Aprevl .DOC 



scale grating pitch P s , a %DOF of 30% or more is used, in order to provide a larger nominal 
signal strength. In a corresponding manner, in various exemplary embodiments according to 
this invention where P s is less than or equal to approximately 12|im for example, and an 
insufficient measuring signal would otherwise result, an aperture corresponding to a 
5 minimum spatial frequency cutoff range of 1.4/P S to 1.8/P S is used, regardless of the 
corresponding %DOF percentage required to provide the desired allowable gap variation 
dimension. In various exemplary embodiments that use such relatively smaller scale grating 
pitches, such a range provides one desirable compromise range that is usable in order to 
provide both a sufficient signal strength, and a reasonably limited variation in signal strength, 
10 within a desired allowed gap variation range of approximately 50\xm, or 100|im, or 150|im, 
for example. 

It should be appreciated that, in various exemplary embodiments according to this 
invention, a readhead using incoherent illumination and an aperture selected according to the 
principles outlined above can provide sinusoidal signals that vary from an ideal sinusoidal 

15 function by as little as at least one of 1/16, 1/32, or even 1/64 or 1/256 or less of the peak-to- 
peak variation of the sinusoidal function. Accordingly, the signal-to-noise ratio associated 
with a readhead according to this invention can be quite high, as high as at least one of 32, 
40, 64, 128 or even 256, for example. Thus, overall, a variety of readheads according to this 
invention can provide accurately interpolated displacement measurements with meaningful 

20 resolutions as high as at least one of 1/16, 1/32, or even 1/64 or 1/256 or less, of the scale 
grating pitch Ps. 

FIGURE 28 is an isometric view of a thirteenth embodiment of a readhead 100b 
according to this invention that is operable with a reflective type scale grating 116'. 
FIGURES 29A and 29B are cross-section views perpendicular to the optical axis 129, 
25 illustrating the assembled optical components and the optical paths of the configuration of 
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FIGURE 28. The operation of this reflective type configuration is similar to that of the 
transmissive type configuration described above, except that the illumination source 114 is 
located generally on the same side of the reflective scale grating 116' as the lens 123, 
aperture 121, and detector assembly 122, so as to illuminate the reflective scale grating 1 16' 
5 provided on the scale substrate 117a from above (in FIGURE 28). In some reflective 
embodiments, the illumination source 114 illuminates the scale 117A at an angle, as 
illustrated in FIGURE 28. As before, the illumination light 137 from the source 1 14 passes 
through a lens 136 f to concentrate the available optical power in a limited region 138 around 
the field of view. The limited region 138 is large enough to ensure that the field of view is 

10 fully illuminated over the full desired gap tolerance range. 

The reflective scale grating pattern 116* comprises grating lines and spaces. In 
various embodiments, the lines are fabricated in such a way as to reflect or diffusely reflect 
the light 137 from the illumination source 114, and those rays of the reflected light 139 that 
are directed parallel to the optical axis 129 are focused by the lens 123 and spatially filtered 

15 by the aperture 121, as described above, so as to provide brighter regions in the scale image 
received by the detector assembly 122. In contrast, the spaces are fabricated to either 
significantly absorb the light 137, reflect it away from the optical axis 129, or transmit it so 
that it is not received by the detector assembly 122, in various alternative embodiments. The 
spaces thus provide dark regions in the image received by the detector assembly 122 that 

20 strongly contrast with the bright regions provided by the reflecting or diffusely reflecting 
lines. In various exemplary embodiments, the scale grating pattern consists of substantially 
planar or flat lines and spaces. In various other embodiments, the scale grating pattern 
includes blazed grating elements that are designed with consideration to the angle(s) of 
incidence of the source light, in order to provide and/or enhance the contrast between the 

25 bright and dark regions in the image of the scale grating pattern received by the detector 
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assembly 122. Some embodiments of reflective-type scale grating patterns suitable for use in 
a reflective-type configuration according to the present invention will be more fully 
described below in reference to FIGURES 30-33. 

In various alternative embodiments, a reflective type scale grating 116* having the 
5 properties described above may be fabricated directly on a suitable substrate 117a. In 
various other embodiments, the scale grating 116' may be fabricated on a tape-type scale that 
is mounted on a suitable substrate 117a or directly on a machine surface (as illustrated in 
FIGURE 28). In various exemplary embodiments, the tape-type scale includes angled 
reflecting (diverting) stripes (see FIGURE 33, to be more fully described below) to produce 
10 the dark areas. In such a case, the tape-type scale may be formed of a relatively opaque (but 
reflecting) material. 

FIGURE 30 is a cross-section view seen perpendicular to the optical axis, illustrating 
the assembled optical components and the optical paths of a fourteenth embodiment of a 
readhead 100c according to this invention that is operable with a reflective type scale 

15 grating 116c. In contrast to the readhead 100b, in which illumination light 137 and the 
optical axis 129 were aligned in the y-z plane, at respective angles, (see FIGURE 29 A), in 
the readhead 100c the illumination light 137 and the optical axis 129 are aligned in the x-z 
plane, with optical axis 129 normal to the nominal plane of the scale grating 116c and the 
illumination light 137 angled in a manner that complements certain angles used in the 

20 structure of the scale grating 116c, as described further below. In various exemplary 
embodiments, the illumination light 137 is collimated or nearly collimated by the lens 136" 
to enhance the operation of the readhead 100c with the scale grating 116c. Otherwise, the 
various elements of the readhead 100c are designed and operated in a manner analogous to 
that described for similarly numbered or obviously comparable elements of previously 
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described readheads. Therefore, the embodiment of the readhead 100c may be understood 
based on previous discussions, and need not be further described here. 

The scale grating 116c operable with the readhead 100c of this embodiment consists 
of faceted or angled surfaces. Some examples of reflective-type systems that use angled 
5 reflecting (or diverting) scale grating surfaces are disclosed in U.S. Patent No. 4,974,962 to 
Stephens et al., which is incorporated herein by reference. 

FIGURE 31 is a highly magnified side view showing the principle of operation of an 
illuminated portion of a first exemplary reflective scale configuration 1 16c operable with the 
readhead 100c of FIGURE 30. In this embodiment collimated, partially collimated and/or 

10 slightly diverging or converging illumination rays 144 of the illumination light 137 are 
incident on the scale grating 116c along a nominal illumination direction 146 at an angle in 
the x-z plane, and the optical axis 129 leading to the photodetector assembly 122 (not shown) 
is aligned in the x-z plane normal to the nominal overall plane 147 of the scale grating 1 16c. 
As illustrated, the reflective scale grating 116c consists of alternating first and second 

15 surfaces or facets 142a and 142b. The facets 142a are arranged at a respective angle that 
complements the angle of the illumination rays 144 such that the incoming rays 144 incident 
on the first surfaces 142a are primarily reflected therefrom in a direction 145 nominally 
parallel to the optical axis 129, to provide the brighter regions in the received image of the 
scale grating 116c. The second surfaces 142b are arranged at a respective angle such that 

20 they are either shadowed from the illumination rays 144, or such that any illumination rays 
144 incident on the second surfaces 142b will be diverted away from the direction of the 
optical axis 129 and nominally will not reach the detector assembly 122. Thus the surfaces 
142b provide the darker regions in the received image of the scale grating 116c. In 
embodiments where the first surfaces 142a are highly planar and reflective, slightly 

25 diverging and/or converging illumination rays tend to insure that light is reflected along the 
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optical axis 129 to form an image, even if the readhead 100c is slightly misaligned or the 
nominal plane of the scale grating 1 16c undergoes slight local angular deviations due to non- 
flatness of the surface of the scale or mounting surface, or the like. If the first surfaces 142a 
are fabricated in such a way that a hybrid reflection is produced, that is, a combination of 
5 Lambertian and specular reflection is produced, then the illumination may be provided as 
collimated, or approximately collimated, light. 

FIGURE 32 is a still further magnified side view illustrating various operable sets of 
dimensions for the first exemplary reflective scale configuration 116c of FIGURE 31. The 
scale pitch Ps is defined as the length along the x-axis of one first surface 142a and one 

10 second surface 142b. The first surfaces 142a lie at an angle A to a plane 147' that is parallel 
to the nominal plane 147 of the scale 116c and at a complementary angle B to an optical 
axis 129 of the readhead 100c. The second surfaces 142b lie at an angle C to the plane 147' 
of the scale 1 16c and at a complementary angle D to the optical axis 129. Due to the angles 
A and B, the first surfaces 142a reflect the incident light (144 in FIGURE 31) toward the 

15 readhead 100c along the optical axis 129. In one exemplary embodiment, A=C=30 degrees, 
B=D=60 degrees, and the illumination rays are provided at an angle of 30 degrees relative to 
the plane 147. However, other operable combinations of angles may be used in various other 
embodiments. 

FIGURE 33 is a similarly magnified side view illustrating a second exemplary 
20 reflective scale grating 116c f usable with the readhead 100c of FIGURE 30. As illustrated, 
the reflective scale 116c' has a sawtooth profile, consisting of alternating first inclined 
surfaces 142a' that may be angled and operated in the same manner as the previously 
described first surfaces 142a. Second surfaces 142b ! are approximately parallel to the 
plane 147. In one exemplary embodiment, the angle E is 60 degrees, and the illumination 
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rays are provided at an angle of 30 degrees relative to the plane 147 such that the shadows of 
the surfaces 142a* are nominally coextensive with the surfaces 142b'. 

The reflective type embodiments of the scale gratings 116c and 116c* including 
angled reflecting (or diverting) surfaces, as described above, provide improved optical 
5 contrast between the brighter and darker regions in the received image of the scale gratings. 
A telecentric aperture configuration according to this invention is particular well suited for 
such scales, which tend to have somewhat imperfect or irregular grating element edges due 
to the metal-forming methods used to fabricate such scales. It should be appreciated that 
somewhat irregular edges become relatively inconsequential and do not contribute to 
10 significant errors since the higher spatial frequencies associated with the edge imperfections 
tend to be filtered out along the measuring axis direction of the received image according to 
this invention. 

FIGURE 34 is a cross-section view seen perpendicular to the optical axis, illustrating 
the assembled optical components and optical paths of a fifteenth embodiment of a 

15 readhead lOOd according to this invention, which is similar to the eighth exemplary 
embodiment shown in FIGURE 11, and which is also operable with various reflective type 
scales, such as the scales 1 16* or 116c' (although it should be appreciated that in this 
embodiment, for the scale 116c' the second surfaces 142b* in FIGURE 33 would provide 
brighter regions in the received image and the first surfaces 142a' would provide darker 

20 regions, since the illumination light is nominally normal to the plane of the scale, as will be 
more fully described below.) As before, the readhead lOOd includes a housing 133 that 
encloses the lens 123, aperture 121, and detector assembly 122. 

The primary difference between the majority of the previous readhead embodiments 
and the readhead lOOd is that the aperture 121 is located in an aperture plate 121' that is 

25 positioned at an angle relative to the optical axis 129 so as to receive the light 137 from a 
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suitably positioned light source 114 and deflect it generally along the optical axis 129 and 
through the lens 123 to illuminate the scale grating in a manner similar to that previously 
described. Thus the readhead lOOd eliminates the beam splitter 61 shown in FIGURE 11, 
and provides the same light deflecting function with the plate 121' defining the aperture 121. 
5 To that end, the plate defining the aperture 121 is fabricated as a reflective mirror made, for 
example, of a reflective thin film on glass, polished metal, or the like. It should be 
appreciated that this configuration avoids a first loss of illumination intensity and a second 
loss of optical signal intensity, as well as potential spurious reflections, that may be 
associated with the eighth exemplary embodiment. The telecentric aperture 121 is still 

10 positioned and operated as previously described to spatially filter the detected light 139 that 
is reflected from the scale grating 116 1 , 116c, 116c', or the like, parallel to the optical 
axis 129, to transmit a nearly sinusoidal image intensity profile toward the detector 
assembly 122. Accordingly, the illumination path and the return optical path are aligned and 
nominally normal to the scale 116. This offers great flexibility in choices of the types of 

15 scales, as well as excellent misalignment error rejection characteristics. This design can also 
be very compact along both the x- and y-axis. Otherwise, the various elements of the 
readhead lOOd are designed and operated in a manner analogous to that described for 
similarly numbered or obviously comparable elements of previously described readheads. 
Therefore, the embodiment of the readhead lOOd may be understood based on previous 

20 discussions, and need not be further described here. 

It should be appreciated that any of the embodiments shown, described, or taught 
herein can be adapted in any of the circular or cylindrical rotary position readheads as taught 
in the f 3 12 application, incorporated above. A circular rotary embodiment may be 
understood by considering a segment of the scale grating 116 shown in FIGURE 21 as 

25 arranged to have a radius of curvature in the x-y plane such that the shape of the scale grating 
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elements remains operable, that is, they are not too wedged shaped. Such a scale is arranged 
circumferentially on a relatively planar scale surface that rotates about an axis parallel to the 
z-axis. In such a case, the measuring axis follows a relatively planar circular path in the x-y 
plane. A cylindrical rotary embodiment may be understood by considering a segment of the 
5 scale grating 116 shown in FIGURE 21 as arranged to have a radius of curvature in the x-z 
plane such that an operable quantity of light is transmitted (reflected) from the scale 
grating 116 parallel to the optical axis, and the field of view lies with an operable %DOF. 
Such a scale is arranged circumferentially around a relatively cylindrical surface that rotates 
about an axis parallel to the y-axis. In such a case, the measuring axis follows a relatively 
10 circular path in the x-z plane. As with the linear encoders described above, the dimension of 
a telecentric aperture along the measuring axis is to be chosen based on a desirable depth of 
field (%DOF) and/or desirable spatial frequency, and other considerations such as contrast 
and optical power, so as to obtain a desired combination of readhead operating 
characteristics. 

15 FIGURES 35A and 35B are cross-section views seen perpendicularly to and along an 

optical axis 763, respectively, illustrating the assembled optical components and the optical 
paths of a sixteenth embodiment of an imaging type readhead lOOe according to this 
invention. The readhead lOOe uses a fiber optic receiver channel configuration for receiving 
and outputting a periodic image of the scale grating 116 f , as opposed to the optoelectronic 

20 optical detector assembly 122 described with respect to various other readhead embodiments 
according to this invention. The readhead lOOe and other examples of such fiber-optic 
readheads are disclosed in co-pending U.S. Patent Application No. 10/650,453, which is 
incorporated by reference herein. 

Briefly, the readhead lOOe includes a generally cylindrical housing 152 having a 

25 plurality of illumination source fibers 770 that are located near the perimeter of the 
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housing 152. As best illustrated in FIGURE 35B, six source fibers 770 are utilized to 
provide the illumination light, which jointly illuminate an approximately annular or circular 
region 764 at the surface of the scale grating 116'. Some of the light reflected or diffusely 
reflected from the scale grating elements in the illuminated area(s) of the scale 1 16' will form 
5 light rays 753 parallel to the optical axis 763 that will be imaged back through an imaging 
lens 776 (analogous to the lens 123), and through a telecentric limiting aperture 775 
(analogous to the telecentric aperture 121), to form a periodic image at the area(s) of a set of 
respective phase masks 720 (analogous to the set of optical detectors 122a) of a set of 
respective fiber optic receiver channels 790. The plane of the set of respective phase 

10 masks 720 defines an image detection plane 760 where the set of respective phase masks 
receive the periodic image of the scale grating 116'. The areas of the scale 1 16' that will be 
imaged generally surround and include the optical axis 763 of the fiber optic readhead lOOe. 
When the telecentric limiting aperture 775 is designed as described previously for the 
aperture 121, to provide a diffraction-limited optical system according to this invention, and 

15 the other scale and readhead elements that combine to form the received periodic image are 
configured according to this invention, the periodic image received by the phase masks 720 
will have the same desirable properties as those described for other readheads according to 
this invention. In various exemplary embodiments, the fiber optic readhead lOOe is a 
miniature fiber optic readhead, constructed such that at least a portion of the length of the 

20 housing 152 (along the z-axis) can be inserted into a bore having a dimension perpendicular 
to its central axis (e.g., a diameter) that is at least as small as 5.0 millimeters. 

FIGURE 36 is an exploded isometric view illustrating one exemplary fiber optic 
receiver channel configuration 160 A for use in the readhead lOOe of FIGURES 35 A and 
35B. The receiver channel configuration 160 A is disclosed in the incorporated co-pending 

25 U.S. Patent Application No. 10/650,453. Elements having 5XX reference numbers in 
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FIGURE 36 are usable in place of, or identical to, the elements having the corresponding 
7XX reference numbers in FIGURES 35A and 35B. Briefly, as shown in FIGURE 36, phase 
masks 520 are 3-phase respective masks that create 3 pairs of respective optical signals that 
are 120 degrees out of phase when receiving a periodic image of the scale grating 116\ The 
5 pitch of the phase masks 520 matches the pitch of the received a periodic image. 
Specifically, there are a first set of three phase masks 520a-520c, and a second set of three 
respective phase masks 520ax-520cx, that are respectively arranged in "balanced pairs" on 
opposite sides of the optical axis 563, as described more fully in the incorporated '453 and 
'312 Applications. The received periodic image is filtered through the three pairs of phase 

10 masks 520, and the resulting optical signals are transmitted through the corresponding three 
pairs of optical fibers 510 of the optical fiber receiver channels 590, which are in this 
embodiment arranged inside a ferrule 540 around a dummy fiber 570. The optical fibers 510 
output three pairs of phase signals that can then be processed to determine the relative 
displacement of a scale grating, such as the displacement of the scale grating 1 16' relative to 

15 a readhead lOOe including the fiber optic receiver channel configuration 160A. 

FIGURE 37 is an exploded isometric view illustrating the general characteristics of 
another exemplary optical arrangement according to this invention that is usable in various 
readheads according to this invention. The exemplary optical arrangement shown in 
FIGURE 37 and described below is substantially the same as the exemplary optical 

20 arrangement shown in FIGURE 21, with the exception that a second lens 124 is included. 
Therefore, a detailed explanation is not required and only the differences from the optical 
arrangement shown in FIGURE 21 will be described. Similarly numbered elements in 
FIGURES 37 and 21 have similar or identical characteristics and are arranged and operated 
similarly or identically, unless otherwise indicated below. 
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The second lens 124 is located between the aperture 121 and the image detection 
plane 157a of the set of optical detectors 122a, with the effective plane of the second lens 
124 located at a focal length /' of the second lens 124 from the aperture 121. In particular, 
the characteristics of the second lens 124 and the distance /' are chosen to provide a doubly 
5 telecentric optical system and, in combination with the characteristics of the lens 123 
arranged at its respective focal /from the aperture 121, to provide a desired magnification for 
the periodic image 155. Due to the doubly telecentric arrangement the magnification of the 
periodic image 155 is approximately constant even if the distance from the effective plane of 
the second lens 124 to the image detection plane 157a varies somewhat, which allows more 

10 forgiving assembly tolerances and more consistent operation in readheads that include this 
optical arrangement. However, it should be appreciated that the periodic image 155 still has 
a plane of best focus and/or contrast, and in FIGURE 37 a distance do 1 is intended to coincide 
with this plane. Thus, the image detection plane 157a of the set of optical detectors 122a is 
nominally arranged at the distance do\ 

15 In a particularly advantageous embodiment of the optical arrangement shown in 

FIGURE 37, the second lens 124 has optical characteristics that are nearly the same or 
identical to those of the lens 123, and it is arranged such that f'=f and do'= do, to provide a 
magnification of 1. In this embodiment, the similar second lens is particularly effective for 
compensating and/or eliminating various potential image aberrations induced by the first 

20 lens. As indicated in FIGURE 4, for the smaller diameter lenses that may be desirable for 
reducing the size of a readhead according to this invention, the selection of economical 
lenses is typically limited number. In addition, economical smaller diameter lenses are 
typically available only in simple lens forms, due to the difficulty or cost of fabricating 
aspherical or multi-element lens with sufficient accuracy. Thus, this arrangement is 

25 particularly useful in embodiments that include economical small diameter lenses of simple 
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form. It provides superior overall optical characteristics and an accurate image despite the 
low cost, small size and potential aberrations of such lenses. 

With regard to the use of coherent light sources in various embodiments according to 
this invention, coherent light sources (such as laser diodes, for example) may be substituted for 
incoherent light sources (such as LEDs, for example) in various embodiments according to this 
invention, provided that certain adjustments are made in the selection of the aperture dimension 

w and certain precautions are considered. 

2 • NA NA 

As mentioned above, v c = for incoherent light, and v c = for coherent light. 

X X 

Thus, for coherent light, the equation corresponding to EQUATION 16 remains: 

k 3k ^ ^ 

-<v,<_ (Eq.23) 

and the equations corresponding to EQUATIONS 17, 18 and 19, respectively, are as follows: 

For the range of cutoff frequencies indicated by EQUATION 23: 

— <NA<— (Eq.24) 

Ps Ps 

NA and w are still related as follows: 

™ = lf-M (Eq.25) 

Accordingly, knowing the scale grating pitch (Ps), focal length of the lens (J), and 
illumination wavelength (k), one can calculate the range of aperture widths corresponding to 
EQUATION 23 as follows: 



2/ 



r X^ 



\Ps 



<w<6f 



X 



(Eq. 26) 



This expression for w (in comparison with EQUATION 19) indicates that for fully 
coherent illumination the maximum dimension w that completely eliminates the third harmonic 
and higher in the detected image can be twice as large as the comparable maximum dimension 
usable for incoherent illumination. However, it should be appreciated that, in contrast to the 
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MTF curves shown in FIGURE 26, the MTF curves for coherent or approximately coherent 
illumination are much greater just below the cutoff frequency, and drop off abruptly at the 
cutoff frequency. Thus, in various readhead embodiments according to this invention that use 
coherent or approximately coherent illumination, it should be insured that the selected aperture 
5 dimension w remains within the range indicated by EQUATION 26 regardless of any allowed 
tolerances in any of the readhead parameters in EQUATION 26 and regardless of any other 
design considerations. Otherwise, an insufficient measuring signal will result if the actual 
dimension w falls below the actual lower limit, and approximately the entire third harmonic 
component will appear in the detected image if the actual dimension w falls above the actual 
10 upper limit. Either of these outcomes is unacceptable in various exemplary embodiments that 
are intended to provide approximately ideal sinusoidal measuring signals according to this 
invention. 

Various other precautions should be considered when using coherent illumination. For 
example, it should be appreciated that when certain diffusely reflecting scale grating elements 

15 are used for the scale grating, or when coherent illumination passes through certain diffusing 
scale grating substrates, or the like, the image light may become at least partially spatially 
incoherent, and probably significantly spatially incoherent. Thus, in such embodiments where 
significant spatial incoherence arises in the image light due to diffusive scale grating element 
effects, it is appropriate to determine the aperture dimension w as previously described for the 

20 case of incoherent illumination. Such factors must also be taken into account when selecting 
the aperture dimension w within the ranges outlined above, in order to provide an approximately 
ideal sinusoidal measuring signal in various embodiments according to this invention. In such 
embodiments where incoherent image light from the scale grating is guaranteed, the aperture 
dimension w may be safely determined in a range according to the principles and dimensions 

25 previously outlined with reference to incoherent illumination. 
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In cases of uncertainty, the ability of an aperture dimension w to effectively remove all 
or part of various spatial harmonics from the scale grating image light arising from a particular 
scale grating can be determined or verified by experiment, for example by analyzing the scale 
grating image at the best focused image plane using grating-type spatial filters of various 
5 pitches, or the like. It should be appreciated that the results of such an experiment, when 
interpreted in terms of the operational equations and principles outlined above, will effectively 
define whether the image light is operationally coherent or incoherent for the purposes of this 
invention. The aperture may then be determined accordingly, preferably with particular caution 
taken with regard to the lower limit of EQUATION 26, as outlined above. 

10 It is also important to realize that while spatial harmonic filtering considerations may 

allow a larger aperture according to EQUATION 26, the associated maximum apertures may 
provide an inadequate depth of field. Such larger apertures will have approximately the same 
effect on depth of field whether the illumination is coherent or incoherent. That is, larger 
apertures will reduce the depth of field regardless of illumination type. Thus, the aperture 

15 dimension w is chosen with depth of field considerations as the limiting constraint in various 
exemplary embodiments using coherent illumination, in the same manner as when using 
incoherent illumination, and the same limit or range for desirable aperture dimensions may 
result. 

Furthermore, speckle features or other unwanted interference effects may appear in the 
20 detected image when coherent illumination is used. In particular, speckle features may arise 
form rough or diffusing scale grating elements. Thus, in various exemplary embodiments scale 
grating and readhead configurations are selected to avoid such effects. However, in various 
other embodiments and/or applications, useful measuring signals can still be obtained despite 
such effects, and acceptable scale grating and readhead configurations may be determined 
25 and/or verified by experiment, if needed. 
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Thus, more generally, provided that a coherent light source does not give rise to 
interference phenomena that are of a magnitude that significantly distorts or reduces the nearly 
sinusoidal measurement signal in various exemplary embodiments according to this invention, 
such light sources may be used in various exemplary embodiments according to this invention. 
5 Various coherent, partially coherent, or incoherent light sources may be tested experimentally in 
combination with various apertures in various readheads according to this invention, if 
necessary, in order to determine their suitability for a particular application. 

With regard to the use of white or other non-monochromatic light sources in various 
embodiments according to this invention, the aperture dimension w may generally be 

10 determined by treating such light sources as incoherent sources having an effective wavelength 
that is used as the wavelength X. In various exemplary embodiments, the effective wavelength 
may be determined as the relative-intensity-weighted average of the illumination spectrum of 
such sources, or even more accurately for the purposes of this invention, as the relative-spectral- 
intensity-weighted average wavelength of the image light arising from the scale grating. In 

15 various exemplary embodiments where it is desired to completely remove all "nth" spatial 
harmonics arising from the majority wavelengths in the illumination spectrum, the effective 
wavelength should be determined as approximately the shortest wavelengths included in the 
spectrum. An aperture determined according to this invention for such a wavelength will also 
remove the spatial frequencies associated with the spatial harmonics of the longer wavelengths 

20 in the spectrum. 

While this invention has been described in conjunction with the exemplary 
embodiments and configurations outlined above, it is evident that the embodiments and 
configurations described above are indicative of additional alternative embodiments, 
configurations, and combinations of design parameter values, as will be apparent to those 
25 skilled in the art having benefit of this disclosure. Accordingly, the embodiments of the 
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invention, as set forth above, are intended to be illustrative, not limiting. Various changes may 
be made without departing from the spirit and scope of the invention. 
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